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Preface to the second and third editions 


Since the publication of the first edition, many students and lectur- 
ers have communicated a number of minor typos and other corrections 
to me. There was also some demand for a hardcover edition of the 
texts. Because of this, the publishers and I have decided to incorporate 
the corrections and issue a hardcover second edition of the textbooks. 
The layout, page numbering, and indexing of the texts have also been 
changed; in particular the two volumes are now numbered and indexed 
separately. However, the chapter and exercise numbering, as well as the 
mathematical content, remains the same as the first edition, and so the 
two editions can be used more or less interchangeably for homework and 
study purposes. 

The third edition contains a number of corrections that were reported 
for the second edition, together with a few new exercises, but is otherwise 
essentially the same text. 


xi 


Preface to the first edition 


This text originated from the lecture notes I gave teaching the honours 
undergraduate-level real analysis sequence at the University of Califor- 
nia, Los Angeles, in 2003. Among the undergraduates here, real anal- 
ysis was viewed as being one of the most difficult courses to learn, not 
only because of the abstract concepts being introduced for the first time 
(e.g., topology, limits, measurability, etc.), but also because of the level 
of rigour and proof demanded of the course. Because of this percep- 
tion of difficulty, one was often faced with the difficult choice of either 
reducing the level of rigour in the course in order to make it easier, or 
to maintain strict standards and face the prospect of many undergradu- 
ates, even many of the bright and enthusiastic ones, struggling with the 
course material. 

Faced with this dilemma, I tried a somewhat unusual approach to 
the subject. Typically, an introductory sequence in real analysis assumes 
that the students are already familiar with the real numbers, with math- 
ematical induction, with elementary calculus, and with the basics of set 
theory, and then quickly launches into the heart of the subject, for in- 
stance the concept of a limit. Normally, students entering this sequence 
do indeed have a fair bit of exposure to these prerequisite topics, though 
in most cases the material is not covered in a thorough manner. For in- 
stance, very few students were able to actually define a real number, or 
even an integer, properly, even though they could visualize these num- 
bers intuitively and manipulate them algebraically. This seemed to me 
to be a missed opportunity. Real analysis is one of the first subjects 
(together with linear algebra and abstract algebra) that a student en- 
counters, in which one truly has to grapple with the subtleties of a truly 
rigorous mathematical proof. As such, the course offered an excellent 
chance to go back to the foundations of mathematics, and in particular 
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the opportunity to do a proper and thorough construction of the real 
numbers. 

Thus the course was structured as follows. In the first week, I de- 
scribed some well-known “paradoxes” in analysis, in which standard laws 
of the subject (e.g., interchange of limits and sums, or sums and inte- 
grals) were applied in a non-rigorous way to give nonsensical results such 
as 0 = 1. This motivated the need to go back to the very beginning of the 
subject, even to the very definition of the natural numbers, and check 
all the foundations from scratch. For instance, one of the first homework 
assignments was to check (using only the Peano axioms) that addition 
was associative for natural numbers (i.e., that (a +b) +c=a+(b+c) 
for all natural numbers a,b,c: see Exercise 2.2.1). Thus even in the 
first week, the students had to write rigorous proofs using mathematical 
induction. After we had derived all the basic properties of the natural 
numbers, we then moved on to the integers (initially defined as formal 
differences of natural numbers); once the students had verified all the 
basic properties of the integers, we moved on to the rationals (initially 
defined as formal quotients of integers); and then from there we moved 
on (via formal limits of Cauchy sequences) to the reals. Around the 
same time, we covered the basics of set theory, for instance demonstrat- 
ing the uncountability of the reals. Only then (after about ten lectures) 
did we begin what one normally considers the heart of undergraduate 
real analysis - limits, continuity, differentiability, and so forth. 

The response to this format was quite interesting. In the first few 
weeks, the students found the material very easy on a conceptual level, 
as we were dealing only with the basic properties of the standard num- 
ber systems. But on an intellectual level it was very challenging, as one 
was analyzing these number systems from a foundational viewpoint, in 
order to rigorously derive the more advanced facts about these number 
systems from the more primitive ones. One student told me how difficult 
it was to explain to his friends in the non-honours real analysis sequence 
(a) why he was still learning how to show why all rational numbers 
are either positive, negative, or zero (Exercise 4.2.4), while the non- 
honours sequence was already distinguishing absolutely convergent and 
conditionally convergent series, and (b) why, despite this, he thought 
his homework was significantly harder than that of his friends. Another 
student commented to me, quite wryly, that while she could obviously 
see why one could always divide a natural number n into a positive 
integer q to give a quotient a and a remainder r less than q (Exercise 
2.3.5), she still had, to her frustration, much difficulty in writing down 
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a proof of this fact. (I told her that later in the course she would have 
to prove statements for which it would not be as obvious to see that 
the statements were true; she did not seem to be particularly consoled 
by this.) Nevertheless, these students greatly enjoyed the homework, as 
when they did perservere and obtain a rigorous proof of an intuitive fact, 
it solidified the link in their minds between the abstract manipulations 
of formal mathematics and their informal intuition of mathematics (and 
of the real world), often in a very satisfying way. By the time they were 
assigned the task of giving the infamous “epsilon and delta” proofs in 
real analysis, they had already had so much experience with formalizing 
intuition, and in discerning the subtleties of mathematical logic (such 
as the distinction between the “for all” quantifier and the “there exists” 
quantifier), that the transition to these proofs was fairly smooth, and we 
were able to cover material both thoroughly and rapidly. By the tenth 
week, we had caught up with the non-honours class, and the students 
were verifying the change of variables formula for Riemann-Stieltjes in- 
tegrals, and showing that piecewise continuous functions were Riemann 
integrable. By the conclusion of the sequence in the twentieth week, we 
had covered (both in lecture and in homework) the convergence theory of 
Taylor and Fourier series, the inverse and implicit function theorem for 
continuously differentiable functions of several variables, and established 
the dominated convergence theorem for the Lebesgue integral. 

In order to cover this much material, many of the key foundational 
results were left to the student to prove as homework; indeed, this was 
an essential aspect of the course, as it ensured the students truly ap- 
preciated the concepts as they were being introduced. This format has 
been retained in this text; the majority of the exercises consist of proving 
lemmas, propositions and theorems in the main text. Indeed, I would 
strongly recommend that one do as many of these exercises as possible 
- and this includes those exercises proving “obvious” statements - if one 
wishes to use this text to learn real analysis; this is not a subject whose 
subtleties are easily appreciated just from passive reading. Most of the 
chapter sections have a number of exercises, which are listed at the end 
of the section. 

To the expert mathematician, the pace of this book may seem some- 
what slow, especially in early chapters, as there is a heavy emphasis 
on rigour (except for those discussions explicitly marked “Informal” ), 
and justifying many steps that would ordinarily be quickly passed over 
as being self-evident. The first few chapters develop (in painful detail) 
many of the “obvious” properties of the standard number systems, for 
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instance that the sum of two positive real numbers is again positive (Ex- 
ercise 5.4.1), or that given any two distinct real numbers, one can find 
rational number between them (Exercise 5.4.5). In these foundational 
chapters, there is also an emphasis on non-circularity - not using later, 
more advanced results to prove earlier, more primitive ones. In partic- 
ular, the usual laws of algebra are not used until they are derived (and 
they have to be derived separately for the natural numbers, integers, 
rationals, and reals). The reason for this is that it allows the students 
to learn the art of abstract reasoning, deducing true facts from a lim- 
ited set of assumptions, in the friendly and intuitive setting of number 
systems; the payoff for this practice comes later, when one has to utilize 
the same type of reasoning techniques to grapple with more advanced 
concepts (e.g., the Lebesgue integral). 

The text here evolved from my lecture notes on the subject, and 
thus is very much oriented towards a pedagogical perspective; much 
of the key material is contained inside exercises, and in many cases I 
have chosen to give a lengthy and tedious, but instructive, proof in- 
stead of a slick abstract proof. In more advanced textbooks, the student 
will see shorter and more conceptually coherent treatments of this ma- 
terial, and with more emphasis on intuition than on rigour; however, 
I feel it is important to know how to do analysis rigorously and “by 
hand” first, in order to truly appreciate the more modern, intuitive and 
abstract approach to analysis that one uses at the graduate level and 
beyond. 

The exposition in this book heavily emphasizes rigour and formal- 
ism; however this does not necessarily mean that lectures based on 
this book have to proceed the same way. Indeed, in my own teach- 
ing I have used the lecture time to present the intuition behind the 
concepts (drawing many informal pictures and giving examples), thus 
providing a complementary viewpoint to the formal presentation in the 
text. The exercises assigned as homework provide an essential bridge 
between the two, requiring the student to combine both intuition and 
formal understanding together in order to locate correct proofs for a 
problem. This I found to be the most difficult task for the students, 
as it requires the subject to be genuinely learnt, rather than merely 
memorized or vaguely absorbed. Nevertheless, the feedback I received 
from the students was that the homework, while very demanding for 
this reason, was also very rewarding, as it allowed them to connect the 
rather abstract manipulations of formal mathematics with their innate 
intuition on such basic concepts as numbers, sets, and functions. Of 
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course, the aid of a good teaching assistant is invaluable in achieving this 
connection. 

With regard to examinations for a course based on this text, I would 
recommend either an open-book, open-notes examination with problems 
similar to the exercises given in the text (but perhaps shorter, with no 
unusual trickery involved), or else a take-home examination that involves 
problems comparable to the more intricate exercises in the text. The 
subject matter is too vast to force the students to memorize the defini- 
tions and theorems, so I would not recommend a closed-book examina- 
tion, or an examination based on regurgitating extracts from the book. 
(Indeed, in my own examinations I gave a supplemental sheet listing the 
key definitions and theorems which were relevant to the examination 
problems.) Making the examinations similar to the homework assigned 
in the course will also help motivate the students to work through and 
understand their homework problems as thoroughly as possible (as op- 
posed to, say, using flash cards or other such devices to memorize mate- 
rial), which is good preparation not only for examinations but for doing 
mathematics in general. 

Some of the material in this textbook is somewhat peripheral to 
the main theme and may be omitted for reasons of time constraints. 
For instance, as set theory is not as fundamental to analysis as are 
the number systems, the chapters on set theory (Chapters 3, 8) can be 
covered more quickly and with substantially less rigour, or be given as 
reading assignments. The appendices on logic and the decimal system 
are intended as optional or supplemental reading and would probably 
not be covered in the main course lectures; the appendix on logic is 
particularly suitable for reading concurrently with the first few chapters. 
Also, Chapter 11.27 (on Fourier series) is not needed elsewhere in the 
text and can be omitted. 

For reasons of length, this textbook has been split into two volumes. 
The first volume is slightly longer, but can be covered in about thirty 
lectures if the peripheral material is omitted or abridged. The second 
volume refers at times to the first, but can also be taught to students 
who have had a first course in analysis from other sources. It also takes 
about thirty lectures to cover. 

I am deeply indebted to my students, who over the progression of 
the real analysis course corrected several errors in the lectures notes 
from which this text is derived, and gave other valuable feedback. I am 
also very grateful to the many anonymous referees who made several 
corrections and suggested many important improvements to the text. 
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I also thank Biswaranjan Behera, Tai-Danae Bradley, Brian, Eduardo 
Buscicchio, Carlos, EO, Florian, G6khan Giiclii, Evangelos Georgiadis, 
Ulrich Groh, Bart Kleijngeld, Erik Koelink, Wang Kuyyang, Matthis 
Lehmkithler, Percy Li, Ming Li, Jason M., Manoranjan Majji, Geoff 
Mess, Pieter Naaijkens, Vineet Nair, Cristina Pereyra, David Radnell, 
Tim Reijnders, Pieter Roffelsen, Luke Rogers, Marc Schoolderman, Kent 
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Chapter 1 


Introduction 


1.1 What is analysis? 


This text is an honours-level undergraduate introduction to real analy- 
sis: the analysis of the real numbers, sequences and series of real num- 
bers, and real-valued functions. This is related to, but is distinct from, 
complex analysis, which concerns the analysis of the complex numbers 
and complex functions, harmonic analysis, which concerns the analy- 
sis of harmonics (waves) such as sine waves, and how they synthesize 
other functions via the Fourier transform, functional analysis, which fo- 
cuses much more heavily on functions (and how they form things like 
vector spaces), and so forth. Analysis is the rigorous study of such 
objects, with a focus on trying to pin down precisely and accurately 
the qualitative and quantitative behavior of these objects. Real analy- 
sis is the theoretical foundation which underlies calculus, which is the 
collection of computational algorithms which one uses to manipulate 
functions. 

In this text we will be studying many objects which will be familiar 
to you from freshman calculus: numbers, sequences, series, limits, func- 
tions, definite integrals, derivatives, and so forth. You already have a 
great deal of experience of computing with these objects; however here 
we will be focused more on the underlying theory for these objects. We 
will be concerned with questions such as the following: 


1. What is a real number? Is there a largest real number? After 0, 
what is the “next” real number (i.e., what is the smallest positive 
real number)? Can you cut a real number into pieces infinitely 
many times? Why does a number such as 2 have a square root, 
while a number such as -2 does not? If there are infinitely many 
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reals and infinitely many rationals, how come there are “more” 
real numbers than rational numbers? 


2. How do you take the limit of a sequence of real numbers? Which 
sequences have limits and which ones don’t? If you can stop a 
sequence from escaping to infinity, does this mean that it must 
eventually settle down and converge? Can you add infinitely many 
real numbers together and still get a finite real number? Can you 
add infinitely many rational numbers together and end up with a 
non-rational number? If you rearrange the elements of an infinite 
sum, is the sum still the same? 


3. What is a function? What does it mean for a function to be 
continuous? differentiable? integrable? bounded? Can you add 
infinitely many functions together? What about taking limits of 
sequences of functions? Can you differentiate an infinite series of 
functions? What about integrating? If a function f(x) takes the 
value 3 when x = 0 and 5 when x = 1 (ie., f(0) = 3 and f(1) = 5), 
does it have to take every intermediate value between 3 and 5 when 
x goes between 0 and 1? Why? 


You may already know how to answer some of these questions from 
your calculus classes, but most likely these sorts of issues were only of 
secondary importance to those courses; the emphasis was on getting you 
to perform computations, such as computing the integral of x sin(x?) 
from « = 0 to x = 1. But now that you are comfortable with these 
objects and already know how to do all the computations, we will go 
back to the theory and try to really understand what is going on. 


1.2 Why do analysis? 


It is a fair question to ask, “why bother?”, when it comes to analysis. 
There is a certain philosophical satisfaction in knowing why things work, 
but a pragmatic person may argue that one only needs to know how 
things work to do real-life problems. The calculus training you receive in 
introductory classes is certainly adequate for you to begin solving many 
problems in physics, chemistry, biology, economics, computer science, 
finance, engineering, or whatever else you end up doing - and you can 
certainly use things like the chain rule, L’Hopital’s rule, or integration 
by parts without knowing why these rules work, or whether there are 
any exceptions to these rules. However, one can get into trouble if 
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one applies rules without knowing where they came from and what the 
limits of their applicability are. Let me give some examples in which 
several of these familiar rules, if applied blindly without knowledge of 
the underlying analysis, can lead to disaster. 


Example 1.2.1 (Division by zero). This is a very familiar one to you: 
the cancellation law ac = be = > a= b does not work when c = 0. For 
instance, the identity 1 x 0 = 2 x 0 is true, but if one blindly cancels the 
0 then one obtains 1 = 2, which is false. In this case it was obvious that 
one was dividing by zero; but in other cases it can be more hidden. 


Example 1.2.2 (Divergent series). You have probably seen geometric 
series such as the infinite sum 


You have probably seen the following trick to sum this series: if we call 
the above sum S, then if we multiply both sides by 2, we obtain 


1 
25=2+14 fF... =24+8S 
S a+418 + 


and hence S = 2, so the series sums to 2. However, if you apply the 
same trick to the series 


S=1+24+44+8+16+... 


one gets nonsensical results: 


25=24+44+84164+...=S-1 = S=-1. 
So the same reasoning that shows that 1 + $ + ; +... = 2 also gives 
that 1+2+4+8+...=-—1. Why is it that we trust the first equation 


but not the second? A similar example arises with the series 


og es ee ees ee ee Le 


we can write 
S=1-(1-141-1+...)=1-S 
and hence that S = 1/2; or instead we can write 


S=(ta0 0S) sia)... 0+0 


4 1. Introduction 


and hence that S = 0; or instead we can write 
S=1bel Ae elas a 0 0a 


and hence that S = 1. Which one is correct? (See Exercise 7.2.1 for an 
answer. ) 


Example 1.2.3 (Divergent sequences). Here is a slight variation of the 
previous example. Let x be a real number, and let L be the limit 


L= lim x”. 
n—- oo 


Changing variables n = m+ 1, we have 


L= lim e™= lim xxae™=2 lim vx 
m+1—-0o m+1—-0o m+1—-oo 


But ifm+1— o, then m —> oo, thus 


Lina, “ap ea aa se" Sa ae ee. 
m+1—-0o mMm—- oo noo 
and thus 
tL=L. 


At this point we could cancel the L’s and conclude that x = 1 for an 
arbitrary real number x, which is absurd. But since we are already 
aware of the division by zero problem, we could be a little smarter and 
conclude instead that either « = 1, or L = 0. In particular we seem to 
have shown that 

lime =-0 for alla AT, 

nN Co 


But this conclusion is absurd if we apply it to certain values of x, for 
instance by specializing to the case « = 2 we could conclude that the 
sequence 1, 2,4,8,... converges to zero, and by specializing to the case 
x = —1 we conclude that the sequence 1, —1,1,—1,... also converges to 
zero. These conclusions appear to be absurd; what is the problem with 
the above argument? (See Exercise 6.3.4 for an answer.) 


Example 1.2.4 (Limiting values of functions). Start with the expres- 
sion lim,-,.5 sin(a), make the change of variable x = y + 7 and recall 
that sin(y + 7) = —sin(y) to obtain 


Jim sin(z) = ie sin(y +7) = ee sin(y)) = — Paes sin(y). 
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Since limz 40 sin(x) = limy_,o0 sin(y) we thus have 


im sin(x) = ~ lim sin(x) 


and hence 
lim sin(x) = 0. 
Hb A@,@) 


If we then make the change of variables x = 7/2 + z and recall that 
sin(a/2 + z) = cos(z) we conclude that 


lim cos(xz) = 0. 
xwL—->0O 


Squaring both of these limits and adding we see that 


lim (sin?(x) + cos?(x)) = 0? + 0? = 0. 
«LOO 


On the other hand, we have sin?(a) + cos?(a) = 1 for all 2. Thus we 
have shown that 1 = 0! What is the difficulty here? 


Example 1.2.5 (Interchanging sums). Consider the following fact of 
arithmetic. Consider any matrix of numbers, e.g. 


Le 32> 3d 
4 5 6 
7 8 9 


and compute the sums of all the rows and the sums of all the columns, 
and then total all the row sums and total all the column sums. In both 
cases you will get the same number - the total sum of all the entries in 
the matrix: 


Le 2s 33 6 
4 5 6 15 
7 8 9 24 


12 15 18 45 


To put it another way, if you want to add all the entries in an m x n 
matrix together, it doesn’t matter whether you sum the rows first or 
sum the columns first, you end up with the same answer. (Before the 
invention of computers, accountants and book-keepers would use this 
fact to guard against making errors when balancing their books.) In 
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series notation, this fact would be expressed as 


i=1 j=1 j=l i=l 


if aj; denoted the entry in the i’ row and j*” column of the matrix. 
Now one might think that this rule should extend easily to infinite 


series: 

[oe [oe [o-e) [oe 

yD C= LD te 

i=1 j=l j=l i=l 
Indeed, if you use infinite series a lot in your work, you will find yourself 
having to switch summations like this fairly often. Another way of saying 
this fact is that in an infinite matrix, the sum of the row-totals should 
equal the sum of the column-totals. However, despite the reasonableness 
of this statement, it is actually false! Here is a counterexample: 


1 0 O 0 
—1 1 O 0 
0 -l 1 O 
0 O -Il 1 
0 O O -I1 


If you sum up all the rows, and then add up all the row totals, you get 
1; but if you sum up all the columns, and add up all the column totals, 
you get 0! So, does this mean that summations for infinite series should 
not be swapped, and that any argument using such a swapping should 
be distrusted? (See Theorem 8.2.2 for an answer.) 


Example 1.2.6 (Interchanging integrals). The interchanging of inte- 
grals is a trick which occurs in mathematics just as commonly as the 
interchanging of sums. Suppose one wants to compute the volume un- 
der a surface z = f(x,y) (let us ignore the limits of integration for the 
moment). One can do it by slicing parallel to the x-axis: for each fixed 
value of y, we can compute an area [ f(x,y) dx, and then we integrate 
the area in the y variable to obtain the volume 


ve / / Faia 
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Or we could slice parallel to the y-axis for each fixed x and compute an 
area [ f(x,y) dy, and then integrate in the z-axis to obtain 


a / / oe 


This seems to suggest that one should always be able to swap integral 


[ [tev dvdy = ff fle) dydz. 


And indeed, people swap integral signs all the time, because sometimes 
one variable is easier to integrate in first than the other. However, just as 
infinite sums sometimes cannot be swapped, integrals are also sometimes 
dangerous to swap. An example is with the integrand e~*Y — xye~ 7. 
Suppose we believe that we can swap the integrals: 


oo 1 1 oo 
i [ (e *Y — ye) dy dx = if / (e “Y — xye *¥) dx dy. (1.1) 
0 Jo 0 Jo 


Since 


signs: 


1 
[ (e°*Y — zye*) dy = ye 955 = ™*, 
0 


the left-hand side of (1.1) is [7° e~* dx = —e~*|§° = 1. But since 
(oe) 
/ (er aaye™ de Swe a = 0; 


the right-hand side of (1.1) is Hh 0 dx = 0. Clearly 1 4 0, so there is an 
error somewhere; but you won’t find one anywhere except in the step 
where we interchanged the integrals. So how do we know when to trust 
the interchange of integrals? (See Theorem 11.50.1 for a partial answer.) 


Example 1.2.7 (Interchanging limits). Suppose we start with the plau- 
sible looking statement 


2 2) 
lim lim — 5 = lim lim -5 5 
r0y>0 r* + y y0r>0 7 + Yy 


(1.2) 


But we have 


2 a2 


x 
li = =a0 
yor +y a2+02 


8 1. Introduction 


so the left-hand side of (1.2) is 1; on the other hand, we have 


x 0? 


li = = 
e350 x? + y? 02 ote y? , 

so the right-hand side of (1.2) is 0. Since 1 is clearly not equal to zero, 
this suggests that interchange of limits is untrustworthy. But are there 
any other circumstances in which the interchange of limits is legitimate? 
(See Exercise 11.9.9 for a partial answer.) 


Example 1.2.8 (Interchanging limits, again). Consider the plausible 
looking statement 

lim lim 2” = lim lim 2” 

x2—1- N00 N00 g>1- 
where the notation + 1~ means that x is approaching 1 from the 
left. When x is to the left of 1, then lim,.., 7” = 0, and hence the 
left-hand side is zero. But we also have lim,_,;- «” = 1 for all n, and so 
the right-hand side limit is 1. Does this demonstrate that this type of 
limit interchange is always untrustworthy? (See Proposition 11.15.3 for 
an answer.) 


Example 1.2.9 (Interchanging limits and integrals). For any real num- 
ber y, we have 


* z oo T T 
io Paesg? dx = arctan(x — y)|._ 4 = = (-3) = 


Taking limits as y > oo, we should obtain 


eo) ; 1 ; leo) 1 
lim ae dx = lim a dx =. 
sate ley) yoo Jig, 1+ (z—y) 


But for every x, we have limy_,. Ga = 0. So we seem to have 
concluded that 0 = 7. What was the problem with the above argument? 
Should one abandon the (very useful) technique of interchanging limits 
and integrals? (See Theorem 11.18.1 for a partial answer.) 


Example 1.2.10 (Interchanging limits and derivatives). Observe that 
if e > 0, then 


d x _ 8x7 (e? + x?) — 224 
dx \e2 +22] — (e2 + x2)? 
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and in particular that 


d ‘o 
dz \e2+ a2) le=0 = 9 


Taking limits as e > 0, one might then expect that 


d x 
He (3) Jr=o = 0. 


But the right-hand side is 4 xz = 1. Does this mean that it is always 
illegitimate to interchange limits and derivatives? (See Theorem 11.19.1 
for an answer.) 


Example 1.2.11 (Interchanging derivatives). Let! f(a, y) be the func- 
tion f(z, y) = 3 #5 >. A common maneuvre in analysis is to interchange 
two partial derivatives, thus one expects 


Of =F 


But from the quotient rule we have 


Of 3ry 2ry* 
= (2,9) 2 2 2 2)2 
Oy g2+y2 (4% + y?) 
and in particular 
Of 0 0 
—(2#,0)=>5-— =0. 
Oy (x, ) 72 ot 
Thus 3f 
0,0) =0 
Da By | ,0) 
On the other hand, from the quotient rule again we have 
Of y? Qx7y3 
(2.y=3 2 2 2)2 
Ox a+ye (x? +y?) 
and hence af ' 
y 
Bz Oy) ="5 474: 


‘One might object that this function is not defined at (x, y) = (0,0), but if we set 
f (0,0) := (0,0) then this function becomes continuous and differentiable for all (a, y), 
and in fact both partial derivatives of are also continuous and differentiable for 


Ox? 
all (x,y)! 
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Thus 
Of 
OyOx 
Since 1 4 0, we thus seem to have shown that interchange of deriva- 
tives is untrustworthy. But are there any other circumstances in which 
the interchange of derivatives is legitimate? (See Theorem 11.37.4 and 
Exercise 11.37.1 for some answers. ) 


(0,0) =1 


Example 1.2.12 (L’Hopital’s rule). We are all familiar with the beau- 
tifully simple L’H6pital’s rule 
/ 
fa) £2) 


L—->XO g(x) xL—->XO g(x) 


o) 


but one can still get led to incorrect conclusions if one applies it incor- 
rectly. For instance, applying it to f(x) := x, g(a) := 1+, and xo := 0 
we would obtain 


: . 1 
lim = lim - = 1, 
eo01l+a 2501 


but this is the incorrect answer, since lim,_.9 is = wa = 0. Of course, 
all that is going on here is that L’H6pital’s rule is only applicable when 
both f(x) and g(x) go to zero as x — xg, a condition which was violated 
in the above example. But even when f(x) and g(x) do go to zero 
as £ — Xo there is still a possibility for an incorrect conclusion. For 
instance, consider the limit 


2 ata (m—4 
. x sin(a 
frees ae 
«2-0 x 
Both numerator and denominator go to zero as x — 0, so it seems pretty 


safe to apply L’Hopital’s rule, to obtain 


x? sin(x—*) 


ps =e 2x sin(x—*) — 42—3 cos(x—4) 
x0 x z0 1 
= lim 22 sin(x~*) — lim 4a cos(a~*). 
x0 «2-0 

The first limit converges to zero by the squeeze test (since the function 
2x sin(a~*) is bounded above by 2\x| and below by —2|a|, both of bee 
go to zero at 0). But the second limit is divergent (because x~* goes 
to infinity as x > 0, and cos( x7 4) does not go to zero). So the limit 


eg ees *cos(e") diverges. One might then conclude using 


x sin(e” 4) 


L’Hopital’s rule that lim,_.9 also diverges; however we can 
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clearly rewrite this limit as lim,,9 2 sin(x~*), which goes to zero when 
x — 0 by the squeeze test again. This does not show that L’Ho6pital’s 
rule is untrustworthy (indeed, it is quite rigorous; see Section 10.5), but 
it still requires some care when applied. 


Example 1.2.13 (Limits and lengths). When you learn about integra- 
tion and how it relates to the area under a curve, you were probably 
presented with some picture in which the area under the curve was ap- 
proximated by a bunch of rectangles, whose area was given by a Riemann 
sum, and then one somehow “took limits” to replace that Riemann sum 
with an integral, which then presumably matched the actual area under 
the curve. Perhaps a little later, you learnt how to compute the length 
of a curve by a similar method - approximate the curve by a bunch of 
line segments, compute the length of all the line segments, then take 
limits again to see what you get. 

However, it should come as no surprise by now that this approach 
also can lead to nonsense if used incorrectly. Consider the right-angled 
triangle with vertices (0,0), (1,0), and (0,1), and suppose we wanted 
to compute the length of the hypotenuse of this triangle. Pythagoras’ 
theorem tells us that this hypotenuse has length V2, but suppose for 
some reason that we did not know about Pythagoras’ theorem, and 
wanted to compute the length using calculus methods. Well, one way 
to do so is to approximate the hypotenuse by horizontal and vertical 
edges. Pick a large number N, and approximate the hypotenuse by a 
“staircase” consisting of N horizontal edges of equal length, alternating 
with N vertical edges of equal length. Clearly these edges all have length 
1/N, so the total length of the staircase is 2N/N = 2. If one takes limits 
as N goes to infinity, the staircase clearly approaches the hypotenuse, 
and so in the limit we should get the length of the hypotenuse. However, 
as N -+ oo, the limit of 2N/N is 2, not /2, so we have an incorrect value 
for the length of the hypotenuse. How did this happen? 


The analysis you learn in this text will help you resolve these ques- 
tions, and will let you know when these rules (and others) are justified, 
and when they are illegal, thus separating the useful applications of these 
rules from the nonsense. Thus they can prevent you from making mis- 
takes, and can help you place these rules in a wider context. Moreover, 
as you learn analysis you will develop an “analytical way of thinking”, 
which will help you whenever you come into contact with any new rules 
of mathematics, or when dealing with situations which are not quite 
covered by the standard rules, For instance, what if your functions are 
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complex-valued instead of real-valued? What if you are working on the 
sphere instead of the plane? What if your functions are not continuous, 
but are instead things like square waves and delta functions? What if 
your functions, or limits of integration, or limits of summation, are occa- 
sionally infinite? You will develop a sense of why a rule in mathematics 
(e.g., the chain rule) works, how to adapt it to new situations, and what 
its limitations (if any) are; this will allow you to apply the mathematics 
you have already learnt more confidently and correctly. 


Chapter 2 


Starting at the beginning: the natural numbers 


In this text, we will review the material you have learnt in high school 
and in elementary calculus classes, but as rigorously as possible. To do 
so we will have to begin at the very basics - indeed, we will go back to the 
concept of numbers and what their properties are. Of course, you have 
dealt with numbers for over ten years and you know how to manipulate 
the rules of algebra to simplify any expression involving numbers, but 
we will now turn to a more fundamental issue, which is: why do the rules 
of algebra work at all? For instance, why is it true that a(b+c) is equal 
to ab+ ac for any three numbers a,b,c? This is not an arbitrary choice 
of rule; it can be proven from more primitive, and more fundamental, 
properties of the number system. This will teach you a new skill - how 
to prove complicated properties from simpler ones. You will find that 
even though a statement may be “obvious”, it may not be easy to prove; 
the material here will give you plenty of practice in doing so, and in the 
process will lead you to think about why an obvious statement really is 
obvious. One skill in particular that you will pick up here is the use of 
mathematical induction, which is a basic tool in proving things in many 
areas of mathematics. 

So in the first few chapters we will re-acquaint you with various 
number systems that are used in real analysis. In increasing order of 
sophistication, they are the natural numbers N; the integers Z; the ra- 
tionals Q, and the real numbers R. (There are other number systems 
such as the complex numbers C, but we will not study them until Sec- 
tion 11.26.) The natural numbers {0,1,2,...} are the most primitive of 
the number systems, but they are used to build the integers, which in 
turn are used to build the rationals. Furthermore, the rationals are used 
to build the real numbers, which are in turn used to build the complex 
numbers. Thus to begin at the very beginning, we must look at the 
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natural numbers. We will consider the following question: how does one 
actually define the natural numbers? (This is a very different question 
from how to use the natural numbers, which is something you of course 
know how to do very well. It’s like the difference between knowing how 
to use, say, a computer, versus knowing how to build that computer.) 

This question is more difficult to answer than it looks. The basic 
problem is that you have used the natural numbers for so long that 
they are embedded deeply into your mathematical thinking, and you 
can make various implicit assumptions about these numbers (e.g., that 
a + 0 is always equal to b+ a) without even aware that you are doing 
so; it is difficult to let go and try to inspect this number system as if it 
is the first time you have seen it. So in what follows I will have to ask 
you to perform a rather difficult task: try to set aside, for the moment, 
everything you know about the natural numbers; forget that you know 
how to count, to add, to multiply, to manipulate the rules of algebra, 
etc. We will try to introduce these concepts one at a time and identify 
explicitly what our assumptions are as we go along - and not allow our- 
selves to use more “advanced” tricks such as the rules of algebra until we 
have actually proven them. This may seem like an irritating constraint, 
especially as we will spend a lot of time proving statements which are 
“obvious”, but it is necessary to do this suspension of known facts to 
avoid circularity (e.g., using an advanced fact to prove a more elemen- 
tary fact, and then later using the elementary fact to prove the advanced 
fact). Also, this exercise will be an excellent way to affirm the founda- 
tions of your mathematical knowledge. Furthermore, practicing your 
proofs and abstract thinking here will be invaluable when we move on 
to more advanced concepts, such as real numbers, functions, sequences 
and series, differentials and integrals, and so forth. In short, the results 
here may seem trivial, but the journey is much more important than 
the destination, for now. (Once the number systems are constructed 
properly, we can resume using the laws of algebra etc. without having 
to rederive them each time.) 

We will also forget that we know the decimal system, which of course 
is an extremely convenient way to manipulate numbers, but it is not 
something which is fundamental to what numbers are. (For instance, 
one could use an octal or binary system instead of the decimal system, 
or even the Roman numeral system, and still get exactly the same set 
of numbers.) Besides, if one tries to fully explain what the decimal 
number system is, it isn’t as natural as you might think. Why is 00423 
the same number as 423, but 32400 isn’t the same number as 324? Why 
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is 123.4444... a real number, while ...444.321 is not? And why do we 
have to carry of digits when adding or multiplying? Why is 0.999... the 
same number as 1? What is the smallest positive real number? Isn’t 
it just 0.00...001? So to set aside these problems, we will not try to 
assume any knowledge of the decimal system, though we will of course 
still refer to numbers by their familiar names such as 1,2,3, etc. instead 
of using other notation such as L,IL,III or 0-++-, (O+H-)-+H, ((O++)-+4+)++ 
(see below) so as not to be needlessly artificial. For completeness, we 
review the decimal system in an Appendix (§B). 


2.1 The Peano axioms 


We now present one standard way to define the natural numbers, in 
terms of the Peano axioms, which were first laid out by Guiseppe Peano 
(1858-1932). This is not the only way to define the natural numbers. 
For instance, another approach is to talk about the cardinality of finite 
sets, for instance one could take a set of five elements and define 5 to be 
the number of elements in that set. We shall discuss this alternate ap- 
proach in Section 3.6. However, we shall stick with the Peano axiomatic 
approach for now. 

How are we to define what the natural numbers are? Informally, we 
could say 


Definition 2.1.1. (Informal) A natural number is any element of the 
set 
N := {0,1,2,3,4,...}, 


which is the set of all the numbers created by starting with 0 and then 
counting forward indefinitely. We call N the set of natural numbers. 


Remark 2.1.2. In some texts the natural numbers start at 1 instead of 
0, but this is a matter of notational convention more than anything else. 
In this text we shall refer to the set {1,2,3,...} as the positive integers 
Z* rather than the natural numbers. Natural numbers are sometimes 
also known as whole numbers. 


In a sense, this definition solves the problem of what the natural 
numbers are: a natural number is any element of the set! N. However, 


‘Strictly speaking, there is another problem with this informal definition: we have 
not yet defined what a “set” is, or what “element of” is. Thus for the rest of this 
chapter we shall avoid mention of sets and their elements as much as possible, except 
in informal discussion. 
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it is not really that satisfactory, because it begs the question of what 
N is. This definition of “start at 0 and count indefinitely” seems like 
an intuitive enough definition of N, but it is not entirely acceptable, 
because it leaves many questions unanswered. For instance: how do 
we know we can keep counting indefinitely, without cycling back to 0? 
Also, how do you perform operations such as addition, multiplication, 
or exponentiation? 

We can answer the latter question first: we can define complicated 
operations in terms of simpler operations. Exponentiation is nothing 
more than repeated multiplication: 5° is nothing more than three fives 
multiplied together. Multiplication is nothing more than repeated addi- 
tion; 5 x 3 is nothing more than three fives added together. (Subtraction 
and division will not be covered here, because they are not operations 
which are well-suited to the natural numbers; they will have to wait for 
the integers and rationals, respectively.) And addition? It is nothing 
more than the repeated operation of counting forward, or incrementing. 
If you add three to five, what you are doing is incrementing five three 
times. On the other hand, incrementing seems to be a fundamental op- 
eration, not reducible to any simpler operation; indeed, it is the first 
operation one learns on numbers, even before learning to add. 

Thus, to define the natural numbers, we will use two fundamental 
concepts: the zero number 0, and the increment operation. In deference 
to modern computer languages, we will use n+4 to denote the increment 
or successor of n, thus for instance 3++ = 4, (8+4+-)+4+ =5, etc. This 
is a slightly different usage from that in computer languages such as C, 
where n++ actually redefines the value of n to be its successor; however 
in mathematics we try not to define a variable more than once in any 
given setting, as it can often lead to confusion; many of the statements 
which were true for the old value of the variable can now become false, 
and vice versa. 

So, it seems like we want to say that N consists of 0 and everything 
which can be obtained from 0 by incrementing: N should consist of the 
objects 

050-44, (0-2), (044-)-+) ay ete: 


If we start writing down what this means about the natural numbers, 
we thus see that we should have the following axioms concerning 0 and 
the increment operation +++: 


Axiom 2.1. 0 is a natural number. 
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Axiom 2.2. [fn is a natural number, then n-4- is also a natural num- 
ber. 


Thus for instance, from Axiom 2.1 and two applications of Axiom 2.2, 
we see that (0++)+4 is a natural number. Of course, this notation will 
begin to get unwieldy, so we adopt a convention to write these numbers 
in more familiar notation: 


Definition 2.1.3. We define 1 to be the number 0+4, 2 to be the 
number (0++)+4+, 3 to be the number ((0++)++)-+4, etc. (In other 
words, 1 := 0H, 2 := 144, 3 := 2+, etc. In this text I use “ax := y” 
to denote the statement that x is defined to equal y.) 


Thus for instance, we have 
Proposition 2.1.4. 3 is a natural number. 


Proof. By Axiom 2.1, 0 is a natural number. By Axiom 2.2, 0++ = 1 is 
a natural number. By Axiom 2.2 again, 1++ = 2 is a natural number. 
By Axiom 2.2 again, 2++ = 3 is a natural number. 


It may seem that this is enough to describe the natural numbers. 
However, we have not pinned down completely the behavior of N: 


Example 2.1.5. Consider a number system which consists of the num- 
bers 0,1,2,3, in which the increment operation wraps back from 3 to 
0. More precisely 0+4 is equal to 1, 1+4 is equal to 2, 2+4 is equal 
to 3, but 3+4+4 is equal to 0 (and also equal to 4, by definition of 4). 
This type of thing actually happens in real life, when one uses a com- 
puter to try to store a natural number: if one starts at 0 and performs 
the increment operation repeatedly, eventually the computer will over- 
flow its memory and the number will wrap around back to 0 (though 
this may take quite a large number of incrementation operations, for 
instance a two-byte representation of an integer will wrap around only 
after 65,536 increments). Note that this type of number system obeys 
Axiom 2.1 and Axiom 2.2, even though it clearly does not correspond 
to what we intuitively believe the natural numbers to be like. 


To prevent this sort of “wrap-around issue” we will impose another 
axiom: 


Axiom 2.3. 0 is not the successor of any natural number; i.e., we have 
n++ #0 for every natural number n. 
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Now we can show that certain types of wrap-around do not occur: 
for instance we can now rule out the type of behavior in Example 2.1.5 
using 


Proposition 2.1.6. 4 is not equal to 0. 


Don’t laugh! Because of the way we have defined 4 - it is the in- 
crement of the increment of the increment of the increment of 0 - it is 
not necessarily true a priori that this number is not the same as zero, 
even if it is “obvious”. (“a priori” is Latin for “beforehand” - it refers to 
what one already knows or assumes to be true before one begins a proof 
or argument. The opposite is “a posteriori” - what one knows to be 
true after the proof or argument is concluded.) Note for instance that 
in Example 2.1.5, 4 was indeed equal to 0, and that in a standard two- 
byte computer representation of a natural number, for instance, 65536 
is equal to 0 (using our definition of 65536 as equal to 0 incremented 
sixty-five thousand, five hundred and thirty-six times). 


Proof. By definition, 4 = 3+4+. By Axioms 2.1 and 2.2, 3 is a natural 
number. Thus by Axiom 2.3, 3+4+ 40, ie., 440. 


However, even with our new axiom, it is still possible that our num- 
ber system behaves in other pathological ways: 


Example 2.1.7. Consider a number system consisting of five numbers 
0,1,2,3,4, in which the increment operation hits a “ceiling” at 4. More 
precisely, suppose that 0+4 = 1, 144+ = 2, 2+4 = 3, 3+4+ = 4, but 
44+ = 4 (or in other words that 5 = 4, and hence 6 = 4, 7 = 4, etc.). 
This does not contradict Axioms 2.1,2.2,2.3. Another number system 
with a similar problem is one in which incrementation wraps around, 
but not to zero, e.g. suppose that 44++ = 1 (so that 5 = 1, then 6 = 2, 
etc.). 


There are many ways to prohibit the above types of behavior from 
happening, but one of the simplest is to assume the following axiom: 


Axiom 2.4. Different natural numbers must have different successors; 
i.€., ifn, m are natural numbers andn #£m, thenn++ 4 m-+-. Equiv- 
alently’, if nt++ =m-+H, then we must have n =m. 


?This is an example of reformulating an implication using its contrapositive; see 
Section A.2 for more details. In the converse direction, ifn = m, then n4++ = m-+4+; 
this is the aziom of substitution (see Section A.7) applied to the operation ++. 
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Thus, for instance, we have 
Proposition 2.1.8. 6 is not equal to 2. 


Proof. Suppose for sake of contradiction that 6 = 2. Then 5+4+ = 1+4, 
so by Axiom 2.4 we have 5 = 1, so that 44+4+ = 0+4+. By Axiom 2.4 again 
we then have 4 = 0, which contradicts our previous proposition. 


As one can see from this proposition, it now looks like we can keep all 
of the natural numbers distinct from each other. There is however still 
one more problem: while the axioms (particularly Axioms 2.1 and 2.2) 
allow us to confirm that 0,1,2,3,... are distinct elements of N, there is 
the problem that there may be other “rogue” elements in our number 
system which are not of this form: 


Example 2.1.9. (Informal) Suppose that our number system N con- 
sisted of the following collection of integers and half-integers: 


N := {0,0.5, 1, 1.5, 2, 2.5,3,3.5,...}. 


(This example is marked “informal” since we are using real numbers, 
which we’re not supposed to use yet.) One can check that Axioms 2.1- 
2.4 are still satisfied for this set. 


What we want is some axiom which says that the only numbers in N 
are those which can be obtained from 0 and the increment operation - 
in order to exclude elements such as 0.5. But it is difficult to quantify 
what we mean by “can be obtained from” without already using the 
natural numbers, which we are trying to define. Fortunately, there is an 
ingenious solution to try to capture this fact: 


Axiom 2.5 (Principle of mathematical induction). Let P(n) be any 
property pertaining to a natural number n. Suppose that P(O) is true, 
and suppose that whenever P(n) is true, P(n++) is also true. Then 
P(n) is true for every natural number n. 


Remark 2.1.10. We are a little vague on what “property” means at 
this point, but some possible examples of P(n) might be “n is even”; 
“n is equal to 3”; “n solves the equation (n + 1)? = n? + 2n +1”; and 
so forth. Of course we haven’t defined many of these concepts yet, but 
when we do, Axiom 2.5 will apply to these properties. (A logical remark: 
Because this axiom refers not just to variables, but also properties, it is 
of a different nature than the other four axioms; indeed, Axiom 2.5 
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should technically be called an axiom schema rather than an axiom - it 
is a template for producing an (infinite) number of axioms, rather than 
being a single axiom in its own right. To discuss this distinction further 
is far beyond the scope of this text, though, and falls in the realm of 
logic.) 


The informal intuition behind this axiom is the following. Suppose 
P(n) is such that P(0) is true, and such that whenever P(n) is true, 
then P(n++) is true. Then since P(0) is true, P(0++-) = P(1) is true. 
Since P(1) is true, P(1++) = P(2) is true. Repeating this indefinitely, 
we see that P(0), P(1), P(2), P(3), etc. are all true - however this 
line of reasoning will never let us conclude that P(0.5), for instance, is 
true. Thus Axiom 2.5 should not hold for number systems which contain 
“unnecessary” elements such as 0.5. (Indeed, one can give a “proof” of 
this fact. Apply Axiom 2.5 to the property P(n) = n “is not a half- 
integer”, i.e., an integer plus 0.5. Then P(0) is true, and if P(n) is true, 
then P(n-+-) is true. Thus Axiom 2.5 asserts that P(n) is true for all 
natural numbers n, i.e., no natural number can be a half-integer. In 
particular, 0.5 cannot be a natural number. This “proof” is not quite 
genuine, because we have not defined such notions as “integer”, “half- 
integer”, and “0.5” yet, but it should give you some idea as to how the 
principle of induction is supposed to prohibit any numbers other than 
the “true” natural numbers from appearing in N.) 

The principle of induction gives us a way to prove that a property 
P(n) is true for every natural number n. Thus in the rest of this text 
we will see many proofs which have a form like this: 


Proposition 2.1.11. A certain property P(n) is true for every natural 
number n. 


Proof. We use induction. We first verify the base case n = 0, i.e., we 
prove P(0). (Insert proof of P(0) here). Now suppose inductively that n 
is a natural number, and P(n) has already been proven. We now prove 
P(n++). (Insert proof of P(n++), assuming that P(n) is true, here). 
This closes the induction, and thus P(n) is true for all numbers n. 


Of course we will not necessarily use the exact template, wording, 
or order in the above type of proof, but the proofs using induction will 
generally be something like the above form. There are also some other 
variants of induction which we shall encounter later, such as backwards 
induction (Exercise 2.2.6), strong induction (Proposition 2.2.14), and 
transfinite induction (Lemma 8.5.15). 
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Axioms 2.1-2.5 are known as the Peano axioms for the natural num- 
bers. They are all very plausible, and so we shall make 


Assumption 2.6. (Informal) There exists a number system N, whose 
elements we will call natural numbers, for which Axioms 2.1-2.5 are 
true. 


We will make this assumption a bit more precise once we have laid 
down our notation for sets and functions in the next chapter. 


Remark 2.1.12. We will refer to this number system N as the natural 
number system. One could of course consider the possibility that there 
is more than one natural number system, e.g., we could have the Hindu- 
Arabic number system {0,1,2,3,...} and the Roman number system 
{O,I, 11, III, IV,V,VI,...}, and if we really wanted to be annoying we 
could view these number systems as different. But these number systems 
are clearly equivalent (the technical term is isomorphic), because one 
can create a one-to-one correspondence 0 © O, 1 4 I, 2 © IT, etc. 
which maps the zero of the Hindu-Arabic system with the zero of the 
Roman system, and which is preserved by the increment operation (e.g., 
if 2 corresponds to IT, then 2+4 will correspond to [J++). For a more 
precise statement of this type of equivalence, see Exercise 3.5.13. Since 
all versions of the natural number system are equivalent, there is no 
point in having distinct natural number systems, and we will just use a 
single natural number system to do mathematics. 


We will not prove Assumption 2.6 (though we will eventually include 
it in our axioms for set theory, see Axiom 3.7), and it will be the only 
assumption we will ever make about our numbers. A remarkable ac- 
complishment of modern analysis is that just by starting from these five 
very primitive axioms, and some additional axioms from set theory, we 
can build all the other number systems, create functions, and do all the 
algebra and calculus that we are used to. 


Remark 2.1.13. (Informal) One interesting feature about the natural 
numbers is that while each individual natural number is finite, the set of 
natural numbers is infinite; i.e., N is infinite but consists of individually 
finite elements. (The whole is greater than any of its parts.) There 
are no infinite natural numbers; one can even prove this using Axiom 
2.5, provided one is comfortable with the notions of finite and infinite. 
(Clearly 0 is finite. Also, if n is finite, then clearly n++ is also finite. 
Hence by Axiom 2.5, all natural numbers are finite.) So the natural 
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numbers can approach infinity, but never actually reach it; infinity is 
not one of the natural numbers. (There are other number systems which 
admit “infinite” numbers, such as the cardinals, ordinals, and p-adics, 
but they do not obey the principle of induction, and in any event are 
beyond the scope of this text.) 


Remark 2.1.14. Note that our definition of the natural numbers is az- 
tomatic rather than constructive. We have not told you what the natural 
numbers are (so we do not address such questions as what the numbers 
are made of, are they physical objects, what do they measure, etc.) - 
we have only listed some things you can do with them (in fact, the only 
operation we have defined on them right now is the increment one) and 
some of the properties that they have. This is how mathematics works 
- it treats its objects abstractly, caring only about what properties the 
objects have, not what the objects are or what they mean. If one wants 
to do mathematics, it does not matter whether a natural number means 
a certain arrangement of beads on an abacus, or a certain organization 
of bits in a computer’s memory, or some more abstract concept with no 
physical substance; as long as you can increment them, see if two of them 
are equal, and later on do other arithmetic operations such as add and 
multiply, they qualify as numbers for mathematical purposes (provided 
they obey the requisite axioms, of course). It is possible to construct 
the natural numbers from other mathematical objects - from sets, for 
instance - but there are multiple ways to construct a working model of 
the natural numbers, and it is pointless, at least from a mathematician’s 
standpoint, as to argue about which model is the “true” one - as long as 
it obeys all the axioms and does all the right things, that’s good enough 
to do maths. 


Remark 2.1.15. Historically, the realization that numbers could be 
treated axiomatically is very recent, not much more than a hundred 
years old. Before then, numbers were generally understood to be in- 
extricably connected to some external concept, such as counting the 
cardinality of a set, measuring the length of a line segment, or the mass 
of a physical object, etc. This worked reasonably well, until one was 
forced to move from one number system to another; for instance, under- 
standing numbers in terms of counting beads, for instance, is great for 
conceptualizing the numbers 3 and 5, but doesn’t work so well for —3 
or 1/3 or V2 or 3 + 47; thus each great advance in the theory of num- 
bers - negative numbers, irrational numbers, complex numbers, even 
the number zero - led to a lot of unnecessary philosophical anguish. 
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The great discovery of the late nineteenth century was that numbers 
can be understood abstractly via axioms, without necessarily needing a 
concrete model; of course a mathematician can use any of these models 
when it is convenient, to aid his or her intuition and understanding, but 
they can also be just as easily discarded when they begin to get in the 
way. 


One consequence of the axioms is that we can now define sequences 
recursively. Suppose we want to build a sequence ao, a1, a2,... of num- 
bers by first defining ag to be some base value, e.g., ag := c for some 
number c, and then by letting a; be some function of ao, a1 := fo(ao), 
az be some function of a1, a2 := fi(a;), and so forth. In general, we 
set Gn44+ := fn(@n) for some function f, from N to N. By using all 
the axioms together we will now conclude that this procedure will give 
a single value to the sequence element a, for each natural number n. 
More precisely: 


Proposition 2.1.16 (Recursive definitions). Suppose for each natural 
number n, we have some function f, : NN from the natural numbers 
to the natural numbers. Let c be a natural number. Then we can assign 
a unique natural number ay, to each natural number n, such that ag = c 
and an44+ = fr(Gn) for each natural number n. 


Proof. (Informal) We use induction. We first observe that this proce- 
dure gives a single value to ag, namely c. (None of the other defini- 
tions dn44 := fn(a@n) will redefine the value of aj, because of Axiom 
2.3.) Now suppose inductively that the procedure gives a single value 
to an. Then it gives a single value to aj44, namely any, := fn(an). 
(None of the other definitions an44 := fm(@m) will redefine the value 
of dn44,, because of Axiom 2.4.) This completes the induction, and so 
Gy is defined for each natural number n, with a single value assigned to 
each ap. 


Note how all of the axioms had to be used here. In a system which 
had some sort of wrap-around, recursive definitions would not work 


3Strictly speaking, this proposition requires one to define the notion of a function, 
which we shall do in the next chapter. However, this will not be circular, as the 
concept of a function does not require the Peano axioms. Proposition 2.1.16 can be 
formalized more rigorously in the language of set theory; see Exercise 3.5.12. 
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because some elements of the sequence would constantly be redefined. 
For instance, in Example 2.1.5, in which 3+4 = 0, then there would 
be (at least) two conflicting definitions for ag, either c or f3(a3)). In 
a system which had superfluous elements such as 0.5, the element ao,.5 
would never be defined. 

Recursive definitions are very powerful; for instance, we can use them 
to define addition and multiplication, to which we now turn. 


2.2 Addition 


The natural number system is very bare right now: we have only one 
operation - increment - and a handful of axioms. But now we can build 
up more complex operations, such as addition. 

The way it works is the following. To add three to five should be the 
same as incrementing five three times - this is one increment more than 
adding two to five, which is one increment more than adding one to five, 
which is one increment more than adding zero to five, which should just 
give five. So we give a recursive definition for addition as follows. 


Definition 2.2.1 (Addition of natural numbers). Let m be a natural 
number. To add zero to m, we define 0+ m := m. Now suppose 
inductively that we have defined how to add n to m. Then we can add 
n++ to m by defining (n++) +m := (n+m)++. 


Thus 0+m ism, 1+m= (0H)+mis mH; 2+m=(1H)+m= 
(m++)++; and so forth; for instance we have 2+ 3 = (8+4)++ = 
4++ = 5. From our discussion of recursion in the previous section 
we see that we have defined n + m for every natural number n. Here 
we are specializing the previous general discussion to the setting where 
an =n+mand fp(an) = @nt+t. Note that this definition is asymmetric: 
3 +5 is incrementing 5 three times, while 5 + 3 is incrementing 3 five 
times. Of course, they both yield the same value of 8. More generally, it 
is a fact (which we shall prove shortly) that a+ b = b+<a for all natural 
numbers a, b, although this is not immediately clear from the definition. 

Notice that we can prove easily, using Axioms 2.1, 2.2, and induction 
(Axiom 2.5), that the sum of two natural numbers is again a natural 
number (why?). 

Right now we only have two facts about addition: that 0 +m =m, 
and that (n++) +m = (n+m)++. Remarkably, this turns out to be 
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enough to deduce everything else we know about addition. We begin 


with some basic lemmas’. 


Lemma 2.2.2. For any natural number n, n+0 =n. 


Note that we cannot deduce this immediately from 0+ m = m be- 
cause we do not know yet that a+b=b-+a. 


Proof. We use induction. The base case 0+ 0 = 0 follows since we 
know that 0 + m = m for every natural number m, and 0 is a natural 
number. Now suppose inductively that n +0 =n. We wish to show 
that (n++)+0 = n-+4+. But by definition of addition, (n++) +0 is equal 
to (n+ 0)-+4, which is equal to n+4 since n+ 0 =n. This closes the 
induction. 


Lemma 2.2.3. For any natural numbers n and m, n+ (m++) = (n+ 
m)H. 


Again, we cannot deduce this yet from (n++) +m = (n+m)+4+ 
because we do not know yet that a+b=b+a. 


Proof. We induct on n (keeping m fixed). We first consider the base 
case n = 0. In this case we have to prove 0 + (m++) = (0+ m)+H. 
But by definition of addition, 0 + (m++) = m++ and 0+m = ™, so 
both sides are equal to m+4+ and are thus equal to each other. Now 
we assume inductively that n + (m++) = (n + m)-+4+; we now have to 
show that (n++) +(m-+4+) = ((n++)+m)++. The left-hand side is (n+ 
(m++))++ by definition of addition, which is equal to ((m + m)++)++ 
by the inductive hypothesis. Similarly, we have (n++-) +m = (n+m)++ 
by the definition of addition, and so the right-hand side is also equal to 
((n + m)++)-++. Thus both sides are equal to each other, and we have 
closed the induction. 


“From a logical point of view, there is no difference between a lemma, proposition, 
theorem, or corollary - they are all claims waiting to be proved. However, we use 
these terms to suggest different levels of importance and difficulty. A lemma is an 
easily proved claim which is helpful for proving other propositions and theorems, but 
is usually not particularly interesting in its own right. A proposition is a statement 
which is interesting in its own right, while a theorem is a more important statement 
than a proposition which says something definitive on the subject, and often takes 
more effort to prove than a proposition or lemma. A corollary is a quick consequence 
of a proposition or theorem that was proven recently. 
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As a particular corollary of Lemma 2.2.2 and Lemma 2.2.3 we see 
that n+ =n-+1 (why?). 
As promised earlier, we can now prove that a+b=b+a. 


Proposition 2.2.4 (Addition is commutative). For any natural num- 
bersn andm,n+m=m+n. 


Proof. We shall use induction on n (keeping m fixed). First we do the 
base case n = 0, i.e., we show 0+ m= m-+0. By the definition of 
addition, 0 + m = m, while by Lemma 2.2.2, m+ 0 = m. Thus the 
base case is done. Now suppose inductively that n +m = m+n, now 
we have to prove that (n++) +m = m+ (n++) to close the induction. 
By the definition of addition, (n++) +m = (n+m)++. By Lemma 
2.2.3, m+ (nH) = (m+ n)H, but this is equal to (n + m)++ by the 
inductive hypothesis n +m = m+n. Thus (n++) +m = m+ (n++) 
and we have closed the induction. 


Proposition 2.2.5 (Addition is associative). For any natural numbers 
a,b,c, we have (a+b) +c=a+4+(b+0). 


Proof. See Exercise 2.2.1. 


Because of this associativity we can write sums such as a+b+c 
without having to worry about which order the numbers are being added 
together. 

Now we develop a cancellation law. 


Proposition 2.2.6 (Cancellation law). Let a,b,c be natural numbers 
such thata+b=a+c. Then we have b=c. 


Note that we cannot use subtraction or negative numbers yet to prove 
this proposition, because we have not developed these concepts yet. In 
fact, this cancellation law is crucial in letting us define subtraction (and 
the integers) later on in this text, because it allows for a sort of “virtual 
subtraction” even before subtraction is officially defined. 


Proof. We prove this by induction on a. First consider the base case 
a = 0. Then we have 0+ 6 = 0+, which by definition of addition 
implies that b = c as desired. Now suppose inductively that we have the 
cancellation law for a (so that a+b =a-+c implies b = c); we now have 
to prove the cancellation law for a++. In other words, we assume that 
(a++) + b = (a++) +c and need to show that b = c. By the definition 
of addition, (a++) + b = (a+ b)-++ and (a++) +c = (a+c)++ and so 
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we have (a+ b)+4+ = (a+c)H. By Axiom 2.4, we havea+b=a+c. 
Since we already have the cancellation law for a, we thus have b = c as 
desired. This closes the induction. 


We now discuss how addition interacts with positivity. 


Definition 2.2.7 (Positive natural numbers). A natural number n is 
said to be positive iff it is not equal to 0. (“iff” is shorthand for “if and 
only if” - see Section A.1). 


Proposition 2.2.8. Ifa is positive and b is a natural number, then a+b 
is positive (and hence b+ a is also, by Proposition 2.2.4). 


Proof. We use induction on b. If b = 0, then a+b =a+0 =a, which 
is positive, so this proves the base case. Now suppose inductively that 
a+b is positive. Then a+ (b++) = (a+ b)+4, which cannot be zero by 
Axiom 2.3, and is hence positive. This closes the induction. 


Corollary 2.2.9. Ifa and 6 are natural numbers such that a+ b = 0, 
thena=0 andb=0. 


Proof. Suppose for sake of contradiction that a £ 0 orb #0. Ifa £0 
then a is positive, and hence a+b = 0 is positive by Proposition 2.2.8, a 
contradiction. Similarly if b ~ 0 then b is positive, and again a+b = 0 is 
positive by Proposition 2.2.8, a contradiction. Thus a and b must both 
be zero. 


Lemma 2.2.10. Let a be a positive number. Then there exists exactly 
one natural number b such that b+4+ =a. 


Proof. See Exercise 2.2.2. 


Once we have a notion of addition, we can begin defining a notion 
of order. 


Definition 2.2.11 (Ordering of the natural numbers). Let n and m be 
natural numbers. We say that n is greater than or equal to m, and write 
n> morm <n, iff we have n = m-+a for some natural number a. 
We say that n is strictly greater than m, and write n > m or m < n, iff 
n>mandn#m. 


Thus for instance 8 > 5, because 8 = 5+3 and 8 £ 5. Also note that 
n++ > n for any n; thus there is no largest natural number n, because 
the next number n++ is always larger still. 
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Proposition 2.2.12 (Basic properties of order for natural numbers). 
Let a,b,c be natural numbers. Then 


(a) (Order is reflexive) a> a. 

(b) (Order is transitive) Ifa >b andb>c, thena>c. 

(c) (Order is anti-symmetric) Ifa >b andb> a, thena=b. 
(d) (Addition preserves order) a > 6 if and only ifa+c>b+e. 
(e) a<b éf and only ifatt <b. 

(f) a <b af and only if b=a+d for some positive number d. 


Proof. See Exercise 2.2.3. 


Proposition 2.2.13 (Trichotomy of order for natural numbers). Let a 
and b be natural numbers. Then exactly one of the following statements 
is true:a<b,a=b, ora>b. 


Proof. This is only a sketch of the proof; the gaps will be filled in Exer- 
cise 2.2.4. 

First we show that we cannot have more than one of the statements 
a<b,a=b,a> b holding at the same time. If a < b then a ¥ b by 
definition, and if a > b then a ¥ b by definition. Ifa > b and a < b then 
by Proposition 2.2.12 we have a = 6, a contradiction. Thus no more 
than one of the statements is true. 

Now we show that at least one of the statements is true. We keep b 
fixed and induct on a. When a = 0 we have 0 < 6 for all b (why?), so 
we have either 0 = b or 0 < 6, which proves the base case. Now suppose 
we have proven the proposition for a, and now we prove the proposition 
for at++. From the trichotomy for a, there are three cases: a < b, a = b, 
anda > b. Ifa > 6, then a++ > b (why?). If a = b, then a++ > b 
(why?). Now suppose that a < b. Then by Proposition 2.2.12, we have 
att < b. Thus either a++ = 6b or a++ < b, and in either case we are 
done. This closes the induction. 


The properties of order allow one to obtain a stronger version of the 
principle of induction: 


Proposition 2.2.14 (Strong principle of induction). Let mo be a natu- 
ral number, and let P(m) be a property pertaining to an arbitrary natural 
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number m. Suppose that for each m > mo, we have the following im- 
plication: if P(m’) is true for all natural numbers mo < m! < m, then 
P(m) is also true. (In particular, this means that P(mo) is true, since 
in this case the hypothesis is vacuous.) Then we can conclude that P(m) 
is true for all natural numbers m > mo. 


Remark 2.2.15. In applications we usually use this principle with mp = 
0 or mp = 1. 


Proof. See Exercise 2.2.5. 


— Exercises — 


Exercise 2.2.1. Prove Proposition 2.2.5. (Hint: fix two of the variables and 
induct on the third.) 


Exercise 2.2.2. Prove Lemma 2.2.10. (Hint: use induction.) 


Exercise 2.2.3. Prove Proposition 2.2.12. (Hint: you will need many of the 
preceding propositions, corollaries, and lemmas.) 

Exercise 2.2.4. Justify the three statements marked (why?) in the proof of 
Proposition 2.2.13. 

Exercise 2.2.5. Prove Proposition 2.2.14. (Hint: define Q(n) to be the property 
that P(m) is true for all mop < m <n; note that Q(n) is vacuously true when 
n< mo.) 

Exercise 2.2.6. Let n be a natural number, and let P(m) be a property per- 
taining to the natural numbers such that whenever P(m-++) is true, then P(m) 
is true. Suppose that P(n) is also true. Prove that P(m) is true for all natural 
numbers m < n; this is known as the principle of backwards induction. (Hint: 
apply induction to the variable n.) 


2.3. Multiplication 


In the previous section we have proven all the basic facts that we know to 
be true about addition and order. To save space and to avoid belaboring 
the obvious, we will now allow ourselves to use all the rules of algebra 
concerning addition and order that we are familiar with, without further 
comment. Thus for instance we may write things like a+b+c¢=c+ 
b+ a without supplying any further justification. Now we introduce 
multiplication. Just as addition is the iterated increment operation, 
multiplication is iterated addition: 


Definition 2.3.1 (Multiplication of natural numbers). Let m be a nat- 
ural number. To multiply zero to m, we define 0 x m := 0. Now suppose 
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inductively that we have defined how to multiply n to m. Then we can 
multiply n++ to m by defining (n++) x m:= (n x m) +m. 


Thus for instance 0 x m =0,1x m=0+m,2x m=0+m-+m, 
etc. By induction one can easily verify that the product of two natural 
numbers is a natural number. 


Lemma 2.3.2 (Multiplication is commutative). Let n,m be natural 
numbers. Thenn X m=mxX Nn. 


Proof. See Exercise 2.3.1. 


We will now abbreviate n x m as nm, and use the usual convention 
that multiplication takes precedence over addition, thus for instance 
ab + c means (a x b) +c, not a x (b+ c). (We will also use the usual 
notational conventions of precedence for the other arithmetic operations 
when they are defined later, to save on using parentheses all the time.) 


Lemma 2.3.3 (Positive natural numbers have no zero divisors). Let 
n,m be natural numbers. Then n x m= 0 if and only if at least one of 
n,m is equal to zero. In particular, if n and m are both positive, then 
nm is also positive. 


Proof. See Exercise 2.3.2. 


Proposition 2.3.4 (Distributive law). For any natural numbers a, b,c, 
we have a(b+ c) = ab+ac and (b+ c)a = ba + ca. 


Proof. Since multiplication is commutative we only need to show the first 
identity a(b + c) = ab+ ac. We keep a and 6 fixed, and use induction 
on c. Let’s prove the base case c = 0, ie., a(b +0) = ab+a0. The 
left-hand side is ab, while the right-hand side is ab + 0 = ab, so we are 
done with the base case. Now let us suppose inductively that a(b+c) = 
ab + ac, and let us prove that a(b+ (c++)) = ab + a(c++). The left- 
hand side is a((b + c)+4+) = a(b+ c) +a, while the right-hand side is 
ab +ac+a=a(b+c) +a by the induction hypothesis, and so we can 
close the induction. 


Proposition 2.3.5 (Multiplication is associative). For any natural 
numbers a,b,c, we have (a x b) x c=ax (bx c). 


Proof. See Exercise 2.3.3. 
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Proposition 2.3.6 (Multiplication preserves order). If a,b are natural 
numbers such that a < b, and c is positive, then ac < be. 


Proof. Since a < b, we have b = a+d for some positive d. Multiplying 
by c and using the distributive law we obtain bc = ac+ dc. Since 
d is positive, and c is positive, dc is positive, and hence ac < bc as 
desired. 


Corollary 2.3.7 (Cancellation law). Let a,b,c be natural numbers such 
that ac = be and c is non-zero. Then a = 6. 


Remark 2.3.8. Just as Proposition 2.2.6 will allow for a “virtual sub- 
traction” which will eventually let us define genuine subtraction, this 
corollary provides a “virtual division” which will be needed to define 
genuine division later on. 


Proof. By the trichotomy of order (Proposition 2.2.13), we have three 
cases: a < b,a = 6b, a> 6b. Suppose first that a < b, then by Propo- 
sition 2.3.6 we have ac < bc, a contradiction. We can obtain a similar 
contradiction when a > b. Thus the only possibility is that a = 6, as 
desired. 


With these propositions it is easy to deduce all the familiar rules of 
algebra involving addition and multiplication, see for instance Exercise 
2.3.4. 

Now that we have the familiar operations of addition and multipli- 
cation, the more primitive notion of increment will begin to fall by the 
wayside, and we will see it rarely from now on. In any event we can 
always use addition to describe incrementation, since n+4+ = n+ 1. 


Proposition 2.3.9 (Euclidean algorithm). Let n be a natural number, 
and let q be a positive number. Then there exist natural numbers m, r 
such thatO <r<qandn=mq+r. 


Remark 2.3.10. In other words, we can divide a natural number n by 
a positive number q to obtain a quotient m (which is another natural 
number) and a remainder r (which is less than q). This algorithm marks 
the beginning of number theory, which is a beautiful and important 
subject but one which is beyond the scope of this text. 


Proof. See Exercise 2.3.5. 
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Just like one uses the increment operation to recursively define ad- 
dition, and addition to recursively define multiplication, one can use 
multiplication to recursively define exponentiation: 


Definition 2.3.11 (Exponentiation for natural numbers). Let m b 


a natural number. To raise m to the power 0, we define m? := 1; in 


particular, we define 0° := 1. Now suppose recursively that m” has been 


defined for some natural number n, then we define m”tt := m” x m. 
Examples 2.3.12. Thus for instance 2! = 2° x x =1x a= 2; x? = 
1 3 2 


uXeX= UX Ue? =x xx=2x xx x; and so forth. By induction we 
see that this recursive definition defines x” for all natural numbers n. 


We will not develop the theory of exponentiation too deeply here, 
but instead wait until after we have defined the integers and rational 
numbers; see in particular Proposition 4.3.10. 


— Exercises — 


Exercise 2.3.1. Prove Lemma 2.3.2. (Hint: modify the proofs of Lemmas 2.2.2, 
2.2.3 and Proposition 2.2.4.) 


Exercise 2.3.2. Prove Lemma 2.3.3. (Hint: prove the second statement first.) 


Exercise 2.3.3. Prove Proposition 2.3.5. (Hint: modify the proof of Proposition 
2.2.5 and use the distributive law.) 


Exercise 2.3.4. Prove the identity (a + 6)? = a? + 2ab + b? for all natural 
numbers a, b. 


Exercise 2.3.5. Prove Proposition 2.3.9. (Hint: fix gq and induct on n.) 


Chapter 3 


Set theory 


Modern analysis, like most of modern mathematics, is concerned with 
numbers, sets, and geometry. We have already introduced one type 
of number system, the natural numbers. We will introduce the other 
number systems shortly, but for now we pause to introduce the concepts 
and notation of set theory, as they will be used increasingly heavily in 
later chapters. (We will not pursue a rigorous description of Euclidean 
geometry in this text, preferring instead to describe that geometry in 
terms of the real number system by means of the Cartesian co-ordinate 
system.) 

While set theory is not the main focus of this text, almost every other 
branch of mathematics relies on set theory as part of its foundation, so 
it is important to get at least some grounding in set theory before doing 
other advanced areas of mathematics. In this chapter we present the 
more elementary aspects of axiomatic set theory, leaving more advanced 
topics such as a discussion of infinite sets and the axiom of choice to 
Chapter 8. A full treatment of the finer subtleties of set theory (of 
which there are many!) is unfortunately well beyond the scope of this 
text. 


3.1 Fundamentals 


In this section we shall set out some axioms for sets, just as we did for 
the natural numbers. For pedagogical reasons, we will use a somewhat 
overcomplete list of axioms for set theory, in the sense that some of the 
axioms can be used to deduce others, but there is no real harm in doing 
this. We begin with an informal description of what sets should be. 
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Definition 3.1.1. (Informal) We define a set A to be any unordered 
collection of objects, e.g., {3,8,5,2} is a set. If 2 is an object, we say 
that x is an element of A or x € A if x lies in the collection; otherwise 
we say that x ¢ A. For instance, 3 € {1,2,3,4,5} but 7 ¢ {1, 2,3, 4, 5}. 


This definition is intuitive enough, but it doesn’t answer a number 
of questions, such as which collections of objects are considered to be 
sets, which sets are equal to other sets, and how one defines operations 
on sets (e.g., unions, intersections, etc.). Also, we have no axioms yet 
on what sets do, or what their elements do. Obtaining these axioms and 
defining these operations will be the purpose of the remainder of this 
section. 

We first clarify one point: we consider sets themselves to be a type 
of object. 


Axiom 3.1 (Sets are objects). If A is a set, then A is also an object. 
In particular, given two sets A and B, it is meaningful to ask whether 
A is also an element of B. 


Example 3.1.2. (Informal) The set {3, {3, 4}, 4} is a set of three distinct 
elements, one of which happens to itself be a set of two elements. See 
Example 3.1.10 for a more formal version of this example. However, not 
all objects are sets; for instance, we typically do not consider a natural 
number such as 3 to be a set. (The more accurate statement is that 
natural numbers can be the cardinalities of sets, rather than necessarily 
being sets themselves. See Section 3.6.) 


Remark 3.1.3. There is a special case of set theory, called “pure 
set theory”, in which all objects are sets; for instance the number 0 
might be identified with the empty set @ = {}, the number 1 might 
be identified with {0} = {{}}, the number 2 might be identified with 
{0,1} = {{}, {{}}}, and so forth. From a logical point of view, pure set 
theory is a simpler theory, since one only has to deal with sets and not 
with objects; however, from a conceptual point of view it is often easier 
to deal with impure set theories in which some objects are not consid- 
ered to be sets. The two types of theories are more or less equivalent 
for the purposes of doing mathematics, and so we shall take an agnostic 
position as to whether all objects are sets or not. 


To summarize so far, among all the objects studied in mathematics, 
some of the objects happen to be sets; and if x is an object and A isa 
set, then either x € A is true or « € A is false. (If A is not a set, we leave 
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the statement x € A undefined; for instance, we consider the statement 
3 € 4 to neither be true or false, but simply meaningless, since 4 is not 
a set.) 

Next, we define the notion of equality: when are two sets considered 
to be equal? We do not consider the order of the elements inside a set 
to be important; thus we think of {3,8,5,2} and {2,3,5,8} as the same 
set. On the other hand, {3,8,5,2} and {3,8,5,2,1} are different sets, 
because the latter set contains an element that the former one does not, 
namely the element 1. For similar reasons {3,8,5,2} and {3,8,5} are 
different sets. We formalize this as a definition: 


Definition 3.1.4 (Equality of sets). Two sets A and B are equal, A = B, 
iff every element of A is an element of B and vice versa. To put it another 
way, A = B if and only if every element x of A belongs also to B, and 
every element y of B belongs also to A. 


Example 3.1.5. Thus, for instance, {1,2,3,4,5} and {3,4,2,1,5} are 
the same set, since they contain exactly the same elements. (The set 
{3,3,1,5,2,4,2} is also equal to {1,2,3,4,5}; the repetition of 3 and 2 
is irrelevant as it does not further change the status of 2 and 3 being 
elements of the set.) 


One can easily verify that this notion of equality is reflexive, symmet- 
ric, and transitive (Exercise 3.1.1). Observe that if « € A and A= B, 
then x € B, by Definition 3.1.4. Thus the “is an element of” relation € 
obeys the axiom of substitution (see Section A.7). Because of this, any 
new operation we define on sets will also obey the axiom of substitution, 
as long as we can define that operation purely in terms of the relation 
€. This is for instance the case for the remaining definitions in this 
section. (On the other hand, we cannot use the notion of the “first” or 
“last” element in a set in a well-defined manner, because this would not 
respect the axiom of substitution; for instance the sets {1,2,3,4,5} and 
{3,4,2,1,5} are the same set, but have different first elements.) 

Next, we turn to the issue of exactly which objects are sets and 
which objects are not. The situation is analogous to how we defined 
the natural numbers in the previous chapter; we started with a single 
natural number, 0, and started building more numbers out of 0 using 
the increment operation. We will try something similar here, starting 
with a single set, the empty set, and building more sets out of the empty 
set by various operations. We begin by postulating the existence of the 
empty set. 
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Axiom 3.2 (Empty set). There exists a set 0, known as the empty set, 
which contains no elements, i.e., for every object x we have x ¢ 0). 


The empty set is also denoted {}. Note that there can only be one 
empty set; if there were two sets ( and @ which were both empty, then 
by Definition 3.1.4 they would be equal to each other (why?). 

If a set is not equal to the empty set, we call it non-empty. The 
following statement is very simple, but worth stating nevertheless: 


Lemma 3.1.6 (Single choice). Let A be a non-empty set. Then there 
exists an object x such that x € A. 


Proof. We prove by contradiction. Suppose there does not exist any 
object « such that x € A. Then for all objects 7, we have x ¢ A. Also, 
by Axiom 3.2 we have x ¢. Thusxz¢ A = > x € O (both statements 
are equally false), and so A = @ by Definition 3.1.4, a contradiction. 


Remark 3.1.7. The above Lemma asserts that given any non-empty set 
A, we are allowed to “choose” an element x of A which demonstrates this 
non-emptyness. Later on (in Lemma 3.5.12) we will show that given any 
finite number of non-empty sets, say Aj,..., An, it is possible to choose 
one element 71,...,2n from each set Aj,..., An; this is known as “finite 
choice”. However, in order to choose elements from an infinite number 
of sets, we need an additional axiom, the ariom of choice, which we will 
discuss in Section 8.4. 


Remark 3.1.8. Note that the empty set is not the same thing as the 
natural number 0. One is a set; the other is a number. However, it is 
true that the cardinality of the empty set is 0; see Section 3.6. 


If Axiom 3.2 was the only axiom that set theory had, then set theory 
could be quite boring, as there might be just a single set in existence, 
the empty set. We now present further axioms to enrich the class of sets 
available. 


Axiom 3.3 (Singleton sets and pair sets). If a is an object, then there 
exists a set {a} whose only element is a, i.e., for every object y, we have 
y € {a} if and only if y = a; we refer to {a} as the singleton set whose 
element is a. Furthermore, if a and b are objects, then there exists a set 
{a,b} whose only elements are a and b; i.e., for every object y, we have 
y € {a,b} if and only if y =a or y = b; we refer to this set as the pair 
set formed by a and b. 
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Remarks 3.1.9. Just as there is only one empty set, there is only 
one singleton set for each object a, thanks to Definition 3.1.4 (why’). 
Similarly, given any two objects a and b, there is only one pair set formed 
by a and b. Also, Definition 3.1.4 also ensures that {a,b} = {b,a} 
(why?) and {a,a} = {a} (why?). Thus the singleton set axiom is in fact 
redundant, being a consequence of the pair set axiom. Conversely, the 
pair set axiom will follow from the singleton set axiom and the pairwise 
union axiom below (see Lemma 3.1.13). One may wonder why we don’t 
go further and create triplet axioms, quadruplet axioms, etc.; however 
there will be no need for this once we introduce the pairwise union axiom 
below. 


Examples 3.1.10. Since @) is a set (and hence an object), so is singleton 
set {Q}, i.e., the set whose only element is 0, is a set (and it is not the 
same set as 0, {0} #4 0 (why?)). Similarly, the singleton set {{@}} and 
the pair set {0, {0}} are also sets. These three sets are not equal to each 
other (Exercise 3.1.2). 


As the above examples show, we can now create quite a few sets; 
however, the sets we make are still fairly small (each set that we can 
build consists of no more than two elements, so far). The next axiom 
allows us to build somewhat larger sets than before. 


Axiom 3.4 (Pairwise union). Given any two sets A, B, there exists a 
set AUB, called the union AU B of A and B, whose elements consists 
of all the elements which belong to A or B or both. In other words, for 
any object x, 

rEAUB <= (xEeAorxe B). 


Recall that “or” refers by default in mathematics to inclusive or: “X 
or Y is true” means that “either X is true, or Y is true, or both are 
true”. See Section A.1. 


Example 3.1.11. The set {1, 2}U{2, 3} consists of those elements which 
either lie on {1,2} or in {2,3} or in both, or in other words the elements 
of this set are simply 1, 2, and 3. Because of this, we denote this set as 
{121 U {2,3) 41,9) 3k, 


Remark 3.1.12. If A,B, A’ are sets, and A is equal to A’, then AUB 
is equal to A’ U B (why? One needs to use Axiom 3.4 and Definition 
3.1.4). Similarly if B’ is a set which is equal to B, then AU B is equal 
to AUB’. Thus the operation of union obeys the axiom of substitution, 
and is thus well-defined on sets. 
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We now give some basic properties of unions. 


Lemma 3.1.13. If a and b are objects, then {a,b} = {a} U {b}. Tf 
A, B,C are sets, then the union operation is commutative (t.e., AUB = 
BUA) and associative (i.e., (AUB)UC = AU(BUC)). Also, we have 
AUA=AUGQ=O0UAE=A. 


Proof. We prove just the associativity identity (AUB)UC = AU(BUC), 
and leave the remaining claims to Exercise 3.1.3. By Definition 3.1.4, 
we need to show that every element x of (AU B) UC is an element of 
AU(BUC), and vice versa. So suppose first that x is an element of 
(AUB)UC. By Axiom 3.4, this means that at least one of x € AUB or 
x € Cis true. We now divide into two cases. If « € C’, then by Axiom 3.4 
again z € BUC, and so by Axiom 3.4 again we have x € AU(BUC). 
Now suppose instead x € AUB, then by Axiom 3.4 again x € A or 
xé€B. Ifxe Athen x € AU(BUC) by Axiom 3.4, while if c € B 
then by consecutive applications of Axiom 3.4 we have x € BUC and 
hence x € AU(BUC). Thus in all cases we see that every element of 
(AU B) UC lies in AU(BUC). A similar argument shows that every 
element of AU(BUC) lies in (AUB)UC, and so (AUB)UC = AU(BUC) 
as desired. 


Because of the above lemma, we do not need to use parentheses 
to denote multiple unions, thus for instance we can write AU BUC 
instead of (AU B) UC or AU(BUC). Similarly for unions of four sets, 
AUBUCUD, ete. 


Remark 3.1.14. While the operation of union has some similarities 
with addition, the two operations are not identical. For instance, {2} U 
{3} = {2,3} and 2+ 3 =5, whereas {2} + {3} is meaningless (addition 
pertains to numbers, not sets) and 2 U 3 is also meaningless (union 
pertains to sets, not numbers). 


This axiom allows us to define triplet sets, quadruplet sets, and so 
forth: if a,b,c are three objects, we define {a, b,c} := {a} U{b} U {c}; if 
a, b, c,d are four objects, then we define {a, b,c, d} := {a}Uf{b}U{c}U{d}, 
and so forth. On the other hand, we are not yet in a position to define 
sets consisting of n objects for any given natural number n; this would 
require iterating the above construction “n times”, but the concept of 
n-fold iteration has not yet been rigorously defined. For similar reasons, 
we cannot yet define sets consisting of infinitely many objects, because 
that would require iterating the axiom of pairwise union infinitely often, 
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and it is not clear at this stage that one can do this rigorously. Later on, 
we will introduce other axioms of set theory which allow one to construct 
arbitrarily large, and even infinite, sets. 

Clearly, some sets seem to be larger than others. One way to for- 
malize this concept is through the notion of a subset. 


Definition 3.1.15 (Subsets). Let A,B be sets. We say that A is a 
subset of B, denoted A C B, iff every element of A is also an element of 
B, i.e. 

For any objectz, cE A = eB. 


We say that A is a proper subset of B, denoted A C B, if A C B and 
AFB. 


Remark 3.1.16. Because these definitions involve only the notions of 
equality and the “is an element of” relation, both of which already obey 
the axiom of substitution, the notion of subset also automatically obeys 
the axiom of substitution. Thus for instance if A C B and A = A’, then 
A’ CB. 


Examples 3.1.17. We have {1, 2,4} C {1, 2,3, 4,5}, because every ele- 
ment of {1,2,4} is also an element of {1,2,3,4,5}. In fact we also have 
{1, 2,4} ¢ {1, 2,3, 4,5}, since the two sets {1,2,4} and {1,2,3,4,5} are 
not equal. Given any set A, we always have A C A (why?) and @ C A 
(why?). 


The notion of subset in set theory is similar to the notion of “less 
than or equal to” for numbers, as the following Proposition demonstrates 
(for a more precise statement, see Definition 8.5.1): 


Proposition 3.1.18 (Sets are partially ordered by set inclusion). Let 
A,B,C be sets. If AC Band BCC then ACC. If AC B and 
BCA, thn A=B. Finally, if AG Band BCC then ACC. 


Proof. We shall just prove the first claim. Suppose that A C B and 
BCC. To prove that A C C, we have to prove that every element of A 
is an element of C. So, let us pick an arbitrary element x of A. Then, 
since A C B, x must then be an element of B. But then since B C C, 
x is an element of C’. Thus every element of A is indeed an element of 
C’, as claimed. 


Remark 3.1.19. There is a relationship between subsets and unions: 
see for instance Exercise 3.1.7. 
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Remark 3.1.20. There is one important difference between the subset 
relation ¢ and the less than relation <. Given any two distinct natural 
numbers n,m, we know that one of them is smaller than the other 
(Proposition 2.2.13); however, given two distinct sets, it is not in general 
true that one of them is a subset of the other. For instance, take A := 
{2n :n € N} to be the set of even natural numbers, and B := {2n+1: 
n € N} to be the set of odd natural numbers. Then neither set is 
a subset of the other. This is why we say that sets are only partially 
ordered, whereas the natural numbers are totally ordered (see Definitions 
8.5.1, 8.5.3). 


Remark 3.1.21. We should also caution that the subset relation C is 
not the same as the element relation €. The number 2 is an element of 
{1, 2,3} but not a subset; thus 2 € {1,2,3}, but 2 Z {1,2,3}. Indeed, 2 
is not even a set. Conversely, while {2} is a subset of {1,2,3}, it is not 
an element; thus {2} C {1,2,3} but {2} ¢ {1,2,3}. The point is that 
the number 2 and the set {2} are distinct objects. It is important to 
distinguish sets from their elements, as they can have different proper- 
ties. For instance, it is possible to have an infinite set consisting of finite 
numbers (the set N of natural numbers is one such example), and it is 
also possible to have a finite set consisting of infinite objects (consider 
for instance the finite set {N, Z,Q,R}, which has four elements, all of 
which are infinite). 


We now give an axiom which easily allows us to create subsets out 
of larger sets. 


Axiom 3.5 (Axiom of specification). Let A be a set, and for each x € 
A, let P(x) be a property pertaining to x (t.e., P(x) is either a true 
statement or a false statement). Then there exists a set, called {x € A: 
P(x) is true} (or simply {x € A: P(x)} for short), whose elements are 
precisely the elements x in A for which P(x) is true. In other words, 
for any object y, 


ye {xe A: P(az) is true! — > (ye A and P(y) is true). 


This axiom is also known as the aziom of separation. Note that 
{x € A: P(x) is true} is always a subset of A (why?), though it could 
be as large as A or as small as the empty set. One can verify that 
the axiom of substitution works for specification, thus if A = A’ then 
{x € A: P(x)} = {a € A’: P(x)} (why?). 
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Example 3.1.22. Let S := {1,2,3,4,5}. Then the set {n € S:n < 4} 
is the set of those elements n in S for which n < 4 is true, i.e., {n € S: 
n <4} = {1,2,3}. Similarly, the set {n € S:n < 7} is the same as S 
itself, while {n € S:n < 1} is the empty set. 


We sometimes write {x € A|P(e)} instead of {x € A: P(x)}; this 
is useful when we are using the colon “:” to denote something else, for 
instance to denote the range and domain of a function f : X > Y). 

We can use this axiom of specification to define some further opera- 
tions on sets, namely intersections and difference sets. 


Definition 3.1.23 (Intersections). The intersection SM Sz of two sets 
is defined to be the set 


S, OS. := {x € Sy: 2 € So}. 


In other words, S$; S» consists of all the elements which belong to both 
S; and Sg. Thus, for all objects z, 


rESL NS. — cE Sy and az € So. 


Remark 3.1.24. Note that this definition is well-defined (i.e., it obeys 
the axiom of substitution, see Section A.7) because it is defined in terms 
of more primitive operations which were already known to obey the 
axiom of substitution. Similar remarks apply to future definitions in 
this chapter and will usually not be mentioned explicitly again. 


Examples 3.1.25. We have {1, 2, 4}7{2, 3,4} = {2,4}, {1, 2}N{3, 4} = 
0, {2,3} UO = {2, 3}, and {2,3}N0=9. 


Remark 3.1.26. By the way, one should be careful with the English 
word “and”: rather confusingly, it can mean either union or intersection, 
depending on context. For instance, if one talks about a set of “boys and 
girls”, one means the union of a set of boys with a set of girls, but if one 
talks about the set of people who are single and male, then one means 
the intersection of the set of single people with the set of male people. 
(Can you work out the rule of grammar that determines when “and” 
means union and when “and” means intersection?) Another problem is 
that “and” is also used in English to denote addition, thus for instance 
one could say that “2 and 3 is 5”, while also saying that “the elements of 
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{2} and the elements of {3} form the set {2,3}” and “the elements in {2} 
and {3} form the set §”. This can certainly get confusing! One reason we 
resort to mathematical symbols instead of English words such as “and” 
is that mathematical symbols always have a precise and unambiguous 
meaning, whereas one must often look very carefully at the context in 
order to work out what an English word means. 


Two sets A, B are said to be disjoint if AN B = J. Note that this 
is not the same concept as being distinct, A ~ B. For instance, the sets 
{1, 2,3} and {2,3, 4} are distinct (there are elements of one set which are 
not elements of the other) but not disjoint (because their intersection is 
non-empty). Meanwhile, the sets ) and @ are disjoint but not distinct 
(why?). 


Definition 3.1.27 (Difference sets). Given two sets A and B, we define 
the set A — B or A\B to be the set A with any elements of B removed: 


A\B :={xeA:2¢ B}; 


for instance, {1,2,3,4}\{2,4,6} = {1,3}. In many cases B will be a 
subset of A, but not necessarily. 


We now give some basic properties of unions, intersections, and dif- 
ference sets. 


Proposition 3.1.28 (Sets form a boolean algebra). Let A, B,C be sets, 
and let X be a set containing A,B,C as subsets. 


(a) (Minimal element) We have AU®@= A and AND=9%. 

(b) (Maximal element) We have AUX =X and ANX =A. 

(c) (Identity) We have ANA=A and AUA=A. 

(d) (Commutativity) We have AUB= BUA and ANB=BOA. 


(e) (Associativity) We have (AUB)UC = AU(BUC) and (ANB)NC = 
AN(BNC). 


(f) (Distributivity) We have AN (BUC) = (AN B)U(ANC) and 
AU(BNC) =(AUB)N (AUC). 


(g) (Partition) We have AU(X\A) = X and AN(X\A)=9. 
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(h) (De Morgan laws) We have X\(AU B) = (X\A) (X\B) and 
X\(AN B) = (X\A)U(X\B). 


Remark 3.1.29. The de Morgan laws are named after the logician 
Augustus De Morgan (1806-1871), who identified them as one of the 
basic laws of set theory. 


Proof. See Exercise 3.1.6. 


Remark 3.1.30. The reader may observe a certain symmetry in the 
above laws between U and M, and between X and (). This is an example 
of duality - two distinct properties or objects being dual to each other. 
In this case, the duality is manifested by the complementation relation 
At+ X\A; the de Morgan laws assert that this relation converts unions 
into intersections and vice versa. (It also interchanges X and the empty 
set.) The above laws are collectively known as the laws of Boolean 
algebra, after the mathematician George Boole (1815-1864), and are 
also applicable to a number of other objects other than sets; it plays a 
particularly important role in logic. 


We have now accumulated a number of axioms and results about 
sets, but there are still many things we are not able to do yet. One of 
the basic things we wish to do with a set is take each of the objects of 
that set, and somehow transform each such object into a new object; for 
instance we may wish to start with a set of numbers, say {3,5,9}, and 
increment each one, creating a new set {4,6,10}. This is not something 
we can do directly using only the axioms we already have, so we need a 
new axiom: 


Axiom 3.6 (Replacement). Let A be a set. For any object x € A, and 
any object y, suppose we have a statement P(x,y) pertaining to x and 
y, such that for each x € A there is at most one y for which P(x, y) is 
true. Then there exists a set {y: P(x,y) is true for some x € A}, such 
that for any object z, 


z €{y: P(x, y) is true for some x € A} 
<=> P(x,z) is true for some x € A. 


Example 3.1.31. Let A := {3,5,9}, and let P(x,y) be the statement 
y = z+, ie., y is the successor of x. Observe that for every x € A, there 
is exactly one y for which P(z, y) is true - specifically, the successor of 
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x. Thus the above axiom asserts that the set {y : y = x+4+ for some x € 
{3,5,9}} exists; in this case, it is clearly the same set as {4,6, 10} (why?). 


Example 3.1.32. Let A = {3,5,9}, and let P(x,y) be the state- 
ment y = 1. Then again for every x € A, there is exactly one y 
for which P(z,y) is true - specifically, the number 1. In this case 
{y: y =1 for some x € {3,5,9}} is just the singleton set {1}; we have 
replaced each element 3,5,9 of the original set A by the same object, 
namely 1. Thus this rather silly example shows that the set obtained by 
the above axiom can be “smaller” than the original set. 


We often abbreviate a set of the form 


{y: y = f(x) for some x € A} 


as {f(x) : « € A} or {f(x)}x € A}. Thus for instance, if A = {3,5, 9}, 
then {z+4+ : x € A} is the set {4,6,10}. We can of course combine the 
axiom of replacement with the axiom of specification, thus for instance 
we can create sets such as { f(x) :  € A; P(x) is true} by starting with 
the set A, using the axiom of specification to create the set {x € A: 
P(a) is true}, and then applying the axiom of replacement to create 
{ f(x) : a € A; P(x) is true}. Thus for instance {n++ : n € {3,5,9};n < 
6} = {4,6}. 

In many of our examples we have implicitly assumed that natural 
numbers are in fact objects. Let us formalize this as follows. 


Axiom 3.7 (Infinity). There exists a set N, whose elements are called 
natural numbers, as well as an object 0 in N, and an object n+4- assigned 
to every natural number n € N, such that the Peano axioms (Axioms 
2.1 - 2.5) hold. 


This is the more formal version of Assumption 2.6. It is called the 
axiom of infinity because it introduces the most basic example of an 
infinite set, namely the set of natural numbers N. (We will formalize 
what finite and infinite mean in Section 3.6.) From the axiom of infinity 
we see that numbers such as 3, 5, 7, etc. are indeed objects in set theory, 
and so (from the pair set axiom and pairwise union axiom) we can indeed 
legitimately construct sets such as {3, 5,9} as we have been doing in our 
examples. 

One has to keep the concept of a set distinct from the elements of 
that set; for instance, the set {n+3:n¢€N,0 <n < 5} is not the same 
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thing as the expression or function n + 3. We emphasize this with an 
example: 


Example 3.1.33. (Informal) This example requires the notion of sub- 
traction, which has not yet been formally introduced. The following two 
sets are equal, 


{n+3:nEN,0<n< 5} ={8-—n:nEN,O0<n< 5}, (3.1) 


(see below), even though the expressions n + 3 and 8 — n are never 
equal to each other for any natural number n. Thus, it is a good idea 
to remember to use those curly braces {} when you talk about sets, 
lest you accidentally confuse a set with its elements. One reason for 
this counter-intuitive situation is that the letter n is being used in two 
different ways on the two sides of (3.1). To clarify the situation, let us 
rewrite the set {8 -n:n €N,0 <n < 5} by replacing the letter n by 
the letter m, thus giving {8 -m:meEN,0<m< 5}. This is exactly 
the same set as before (why?), so we can rewrite (3.1) as 


{n+3:nEN,0<n< 5} ={8-—-m:meEN,0<m< 5}. 


Now it is easy to see (using (3.1.4)) why this identity is true: every 
number of the form n + 3, where n is a natural number between 0 and 
5, is also of the form 8 — m where m := 5 — n (note that m is therefore 
also a natural number between 0 and 5); conversely, every number of 
the form 8 — m, where m is a natural number between 0 and 5, is also 
of the form n + 3, where n := 5 — m (note that n is therefore a natural 
number between 0 and 5). Observe how much more confusing the above 
explanation of (3.1) would have been if we had not changed one of the 
n’s to an m first! 


— Exercises — 
Exercise 3.1.1. Show that the definition of equality in Definition 3.1.4 is reflex- 
ive, symmetric, and transitive. 


Exercise 3.1.2. Using only Definition 3.1.4, Axiom 3.1, Axiom 3.2, and Axiom 
3.3, prove that the sets 0, {0}, {{0}}, and {0, {0}} are all distinct (i.e., no two 
of them are equal to each other). 


Exercise 3.1.3. Prove the remaining claims in Lemma 3.1.13. 
Exercise 3.1.4. Prove the remaining claims in Proposition 3.1.18. 


Exercise 3.1.5. Let A,B be sets. Show that the three statements A C B, 
AUB=B, ANB =A are logically equivalent (any one of them implies the 
other two). 
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Exercise 3.1.6. Prove Proposition 3.1.28. (Hint: one can use some of these 
claims to prove others. Some of the claims have also appeared previously in 
Lemma 3.1.13.) 

Exercise 3.1.7. Let A,B,C be sets. Show that AN BC A and ANB C B. 
Furthermore, show that C C A and C C B if and only ifC C ANB. Ina 
similar spirit, show that A C AUB and B C AUB, and furthermore that 
ACC and BC Cifand only if AUBCC. 

Exercise 3.1.8. Let A,B be sets. Prove the absorption laws AN (AUB) =A 
and AU(AN B) =A. 

Exercise 3.1.9. Let A,B, X be sets such that AUB = X and ANB =9. Show 
that A= X\Band B= X\A. 

Exercise 3.1.10. Let A and B be sets. Show that the three sets A\B, AN B, 
and B\A are disjoint, and that their union is AU B. 


Exercise 3.1.11. Show that the axiom of replacement implies the axiom of 
specification. 


3.2. Russell’s paradox (Optional) 


Many of the axioms introduced in the previous section have a similar 
flavor: they both allow us to form a set consisting of all the elements 
which have a certain property. They are both plausible, but one might 
think that they could be unified, for instance by introducing the follow- 
ing axiom: 


Axiom 3.8 (Universal specification). (Dangerous!) Suppose for every 
object x we have a property P(x) pertaining to x (so that for every x, 
P(x) is either a true statement or a false statement). Then there exists 
a set {x : P(x) is true} such that for every object y, 


y € {x: P(x) is true} — > P(y) is true. 


This axiom is also known as the axiom of comprehension. It asserts 
that every property corresponds to a set; if we assumed that axiom, 
we could talk about the set of all blue objects, the set of all natural 
numbers, the set of all sets, and so forth. This axiom also implies most of 
the axioms in the previous section (Exercise 3.2.1). Unfortunately, this 
axiom cannot be introduced into set theory, because it creates a logical 
contradiction known as Russell’s paradox, discovered by the philosopher 
and logician Bertrand Russell (1872-1970) in 1901. The paradox runs 
as follows. Let P(x) be the statement 


P(x) <=> “crisaset, and xz ¢ 2”; 
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i.e., P(x) is true only when z is a set which does not contain itself. For 
instance, P({2,3,4}) is true, since the set {2,3, 4} is not one of the three 
elements 2, 3, 4 of {2,3,4}. On the other hand, if we let S be the set 
of all sets (which we would know to exist from the axiom of universal 
specification), then since S' is itself a set, it is an element of S, and so 
P(S) is false. Now use the axiom of universal specification to create the 
set 
Q := {x : P(x) is true} = {x : az is a set and x ¢ x}, 


i.e., the set of all sets which do not contain themselves. Now ask the 
question: does 2 contain itself, i.e. is Q € Q? If Q did contain itself, 
then by definition this means that P(Q) is true, ie., 2 is a set and 
Q ¢Q. On the other hand, if did not contain itself, then P(Q) would 
be true, and hence 2 € 2. Thus in either case we have both 2 € 2Q and 
Q ¢Q, which is absurd. 

The problem with the above axiom is that it creates sets which are far 
too “large” - for instance, we can use that axiom to talk about the set of 
all objects (a so-called “universal set”). Since sets are themselves objects 
(Axiom 3.1), this means that sets are allowed to contain themselves, 
which is a somewhat silly state of affairs. One way to informally resolve 
this issue is to think of objects as being arranged in a hierarchy. At the 
bottom of the hierarchy are the primitive objects - the objects that are 
not sets!, such as the natural number 37. Then on the next rung of the 
hierarchy there are sets whose elements consist only of primitive objects, 
such as {3,4,7} or the empty set 0; let’s call these “primitive sets” for 
now. Then there are sets whose elements consist only of primitive objects 
and primitive sets, such as {3, 4,7, {3,4, 7}}. Then we can form sets out 
of these objects, and so forth. The point is that at each stage of the 
hierarchy we only see sets whose elements consist of objects at lower 
stages of the hierarchy, and so at no stage do we ever construct a set 
which contains itself. 

To actually formalize the above intuition of a hierarchy of objects 
is actually rather complicated, and we will not do so here. Instead, we 
shall simply postulate an axiom which ensures that absurdities such as 
Russell’s paradox do not occur. 


Axiom 3.9 (Regularity). If A is a non-empty set, then there is at least 
one element x of A which is either not a set, or is disjoint from A. 


‘In pure set theory, there will be no primitive objects, but there will be one 
primitive set 0 on the next rung of the hierarchy. 
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The point of this axiom (which is also known as the axiom of foun- 
dation) is that it is asserting that at least one of the elements of A is so 
low on the hierarchy of objects that it does not contain any of the other 
elements of A. For instance, if A = {{3, 4}, {3, 4, {3,4}}}, then the ele- 
ment {3,4} € A does not contain any of the elements of A (neither 3 nor 
4 lies in A), although the element {3, 4, {3,4}}, being somewhat higher 
in the hierarchy, does contain an element of A, namely {3,4}. One par- 
ticular consequence of this axiom is that sets are no longer allowed to 
contain themselves (Exercise 3.2.2). 

One can legitimately ask whether we really need this axiom in our 
set theory, as it is certainly less intuitive than our other axioms. For 
the purposes of doing analysis, it turns out in fact that this axiom is 
never needed; all the sets we consider in analysis are typically very low 
on the hierarchy of objects, for instance being sets of primitive objects, 
or sets of sets of primitive objects, or at worst sets of sets of sets of 
primitive objects. However it is necessary to include this axiom in order 
to perform more advanced set theory, and so we have included this axiom 
in the text (but in an optional section) for sake of completeness. 


— Exercises — 


Exercise 3.2.1. Show that the universal specification axiom, Axiom 3.8, if as- 
sumed to be true, would imply Axioms 3.2, 3.3, 3.4, 3.5, and 3.6. (If we assume 
that all natural numbers are objects, we also obtain Axiom 3.7.) Thus, this 
axiom, if permitted, would simplify the foundations of set theory tremendously 
(and can be viewed as one basis for an intuitive model of set theory known as 
“naive set theory”). Unfortunately, as we have seen, Axiom 3.8 is “too good 
to be true”! 


Exercise 3.2.2. Use the axiom of regularity (and the singleton set axiom) to 
show that if A is a set, then A ¢ A. Furthermore, show that if A and B are 
two sets, then either A ¢ B or B ¢ A (or both). 


Exercise 3.2.3. Show (assuming the other axioms of set theory) that the uni- 
versal specification axiom, Axiom 3.8, is equivalent to an axiom postulating 
the existence of a “universal set” 2 consisting of all objects (i.e., for all objects 
x, we have x € 22). In other words, if Axiom 3.8 is true, then a universal set ex- 
ists, and conversely, if a universal set exists, then Axiom 3.8 is true. (This may 
explain why Axiom 3.8 is called the axiom of universal specification). Note 
that if a universal set 0 existed, then we would have Q € 2 by Axiom 3.1, 
contradicting Exercise 3.2.2. Thus the axiom of foundation specifically rules 
out the axiom of universal specification. 
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3.3 Functions 


In order to do analysis, it is not particularly useful to just have the 
notion of a set; we also need the notion of a function from one set to 
another. Informally, a function f : X — Y from one set X to another 
set Y is an operation which assigns to each element (or “input”) x in 
X,a single element (or “output”) f(a) in Y; we have already used this 
informal concept in the previous chapter when we discussed the natural 
numbers. The formal definition is as follows. 


Definition 3.3.1 (Functions). Let X,Y be sets, and let P(x,y) be a 
property pertaining to an object x € X and an object y € Y, such that 
for every x € X, there is exactly one y € Y for which P(x, y) is true 
(this is sometimes known as the vertical line test). Then we define the 
function f : X > Y defined by P on the domain X and range Y to be 
the object which, given any input x € X, assigns an output f(x) € Y, 
defined to be the unique object f(a) for which P(x, f(x)) is true. Thus, 
forany x € X andy€Y, 


y= f(x): => Pe) 1s: true: 


Functions are also referred to as maps or transformations, depending 
on the context. They are also sometimes called morphisms, although to 
be more precise, a morphism refers to a more general class of object, 
which may or may not correspond to actual functions, depending on the 
context. 


Example 3.3.2. Let X = N, Y =N, and let P(x,y) be the property 
that y = ++. Then for each x € N there is exactly one y for which 
P(x, y) is true, namely y = x++. Thus we can define a function f : N > 
N associated to this property, so that f(x) = +4 for all x; this is the 
increment function on N, which takes a natural number as input and 
returns its increment as output. Thus for instance f(4) = 5, f(2n+3) = 
2n+4 and so forth. One might also hope to define a decrement function 
g: N—N associated to the property P(x, y) defined by y+4+ = @, ie., 
g(x) would be the number whose increment is . Unfortunately this does 
not define a function, because when x = 0 there is no natural number 
y whose increment is equal to x (Axiom 2.3). On the other hand, we 
can legitimately define a decrement function h : N\{0} — N associated 
to the property P(x,y) defined by y++ = x, because when x € N\{0} 
there is indeed exactly one natural number y such that y++ = x, thanks 
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to Lemma 2.2.10. Thus for instance h(4) = 3 and h(2n + 3) = 2n + 2, 
but (0) is undefined since 0 is not in the domain N\{0}. 


Example 3.3.3. (Informal) This example requires the real numbers R, 
which we will define in Chapter 5. One could try to define a square root 
function Ne R > R by associating it to the property P(x, y) defined 
by y? = a, ie., we would want \/z to be the number y such that y? = z. 
Unfortunately there are two problems which prohibit this definition from 
actually creating a function. The first is that there exist real numbers 
x for which P(x, y) is never true, for instance if s = —1 then there is no 
real number y such that y? = x. This problem however can be solved 
by restricting the domain from R to the right half-line [0,+00). The 
second problem is that even when x € [0,+00), it is possible for there 
to be more than one y in the range R for which y? = 2, for instance if 
x = 4 then both y = 2 and y = —2 obey the property P(x, y), i.e., both 
+2 and —2 are square roots of 4. This problem can however be solved 
by restricting the range of R to [0,+00). Once one does this, then one 
can correctly define a square root function ,/: [0, +00) — [0, +00) using 
the relation y? = x, thus \/x is the unique number y € [0,+00) such 
that y? = x. 


One common way to define a function is simply to specify its domain, 
its range, and how one generates the output f(a) from each input; this is 
known as an explicit definition of a function. For instance, the function 
f in Example 3.3.2 could be defined explicitly by saying that f has 
domain and range equal to N, and f(x) := «+4 for all « € N. In other 
cases we only define a function f by specifying what property P(z, y) 
links the input x with the output f(x); this is an implicit definition 
of a function. For instance, the square root function \/z in Example 
3.3.3 was defined implicitly by the relation (\/x)? = x. Note that an 
implicit definition is only valid if we know that for every input there is 
exactly one output which obeys the implicit relation. In many cases we 
omit specifying the domain and range of a function for brevity, and thus 
for instance we could refer to the function f in Example 3.3.2 as “the 
function f(x) := z++”, “the function x +> x++”, “the function 2+”, 
or even the extremely abbreviated “++”. However, too much of this 
abbreviation can be dangerous; sometimes it is important to know what 
the domain and range of the function is. 

We observe that functions obey the axiom of substitution: if x = 2’, 
then f(x) = f(x’) (why?). In other words, equal inputs imply equal 
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outputs. On the other hand, unequal inputs do not necessarily ensure 
unequal outputs, as the following example shows: 


Example 3.3.4. Let X = N, Y =N, and let P(x,y) be the property 
that y = 7. Then certainly for every x € N there is exactly one y 
for which P(z,y) is true, namely the number 7. Thus we can create 
a function f : N — N associated to this property; it is simply the 
constant function which assigns the output of f(a) = 7 to each input 
xz é€N. Thus it is certainly possible for different inputs to generate the 
same output. 


Remark 3.3.5. We are now using parentheses () to denote several dif- 
ferent things in mathematics; on one hand, we are using them to clarify 
the order of operations (compare for instance 2 + (3 x 4) = 14 with 
(2 + 3) x 4 = 20), but on the other hand we also use parentheses to 
enclose the argument f(a) of a function or of a property such as P(z). 
However, the two usages of parentheses usually are unambiguous from 
context. For instance, if a is a number, then a(b + c) denotes the ex- 
pression a x (b+ cc), whereas if f is a function, then f(b + c) denotes 
the output of f when the input is b+ c. Sometimes the argument of a 
function is denoted by subscripting instead of parentheses; for instance, 
a sequence of natural numbers ag, a1, 42,a3,... is, strictly speaking, a 
function from N to N, but is denoted by n +> a, rather than n +> a(n). 


Remark 3.3.6. Strictly speaking, functions are not sets, and sets are 
not functions; it does not make sense to ask whether an object x is 
an element of a function f, and it does not make sense to apply a 
set A to an input x to create an output A(x). On the other hand, 
it is possible to start with a function f : X — Y and construct its 
graph {(a, f(x)) : « € X}, which describes the function completely: see 
Section 3.5. 


We now define some basic concepts and notions for functions. The 
first notion is that of equality. 


Definition 3.3.7 (Equality of functions). Two functions f : X > Y, 
g:X — Y with the same domain and range are said to be equal, f = g, 
if and only if f(a) = g(x) for all x © X. (If f(x) and g(x) agree for 
some values of x, but not others, then we do not consider f and g to be 
equal?.) 


?In Chapter 11.45, we shall introduce a weaker notion of equality, that of two 
functions being equal almost everywhere. 
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Example 3.3.8. The functions 7 > 27+ 27+1 and 4 (x +1)? are 
equal on the domain R. The functions x + « and x + |z| are equal 
on the positive real axis, but are not equal on R; thus the concept of 
equality of functions can depend on the choice of domain. 


Example 3.3.9. A rather boring example of a function is the empty 
function f :@ + X from the empty set to an arbitrary set X. Since the 
empty set has no elements, we do not need to specify what f does to any 
input. Nevertheless, just as the empty set is a set, the empty function 
is a function, albeit not a particularly interesting one. Note that for 
each set X, there is only one function from §) to _X, since Definition 3.3.7 
asserts that all functions from @ to X are equal (why?). 


This notion of equality obeys the usual axioms (Exercise 3.3.1). 
A fundamental operation available for functions is composition. 


Definition 3.3.10 (Composition). Let f: X > Y andg: Y > Z be 
two functions, such that the range of f is the same set as the domain of 
g. We then define the composition go f : X + Z of the two functions g 
and f to be the function defined explicitly by the formula 


(9° f)(@) = g(f(x)). 


If the range of f does not match the domain of g, we leave the compo- 
sition go f undefined. 


It is easy to check that composition obeys the axiom of substitution 
(Exercise 3.3.1). 


Example 3.3.11. Let f : N — N be the function f(n) := 2n, and let 
g: NN be the function g(n) :=n+3. Then go f is the function 


9° f(n) = 9(F(n)) = g2n) = 2n + 8, 


thus for instance go f(1) = 5, go f(2) = 7, and so forth. Meanwhile, 
fog is the function 


fog(n) = f(g(n)) = f(n +3) =2(n +3) = 2n+6, 


thus for instance f o g(1) = 8, fo g(2) = 10, and so forth. 
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The above example shows that composition is not commutative: fog 
and go f are not necessarily the same function. However, composition 
is still associative: 


Lemma 3.3.12 (Composition is associative). Let f: Z>W,g:Y > 
Z, andh: X + Y be functions. Then fo(goh) =(fog)oh. 


Proof. Since goh is a function from X to Z, fo(goh) is a function from 
X to W. Similarly fog is a function from Y to W, and hence (fog)oh 
is a function from X to W. Thus fo(goh) and (fog)oh have the same 
domain and range. In order to check that they are equal, we see from 
Definition 3.3.7 that we have to verify that (fo(goh))(x) = ((fog)oh)(a) 
for all x € X. But by Definition 3.3.10 


as desired. 


Remark 3.3.13. Note that while g appears to the left of f in the 
expression go f, the function g o f applies the right-most function f 
first, before applying g. This is often confusing at first; it arises because 
we traditionally place a function f to the left of its input x rather than 
to the right. (There are some alternate mathematical notations in which 
the function is placed to the right of the input, thus we would write «f 
instead of f(a), but this notation has often proven to be more confusing 
than clarifying, and has not as yet become particularly popular.) 


We now describe certain special types of functions: one-to-one func- 
tions, onto functions, and invertible functions. 


Definition 3.3.14 (One-to-one functions). A function f is one-to-one 
(or injective) if different elements map to different elements: 


cfu => f(x) F f(z’). 


Equivalently, a function is one-to-one if 
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Example 3.3.15. (Informal) The function f : Z— Z defined by 
f(n) := n? is not one-to-one because the distinct elements —1, 1 map 
to the same element 1. On the other hand, if we restrict this function 
to the natural numbers, defining the function g : N > Z by g(n) := n?, 
then g is now a one-to-one function. Thus the notion of a one-to-one 
function depends not just on what the function does, but also what its 
domain is. 


Remark 3.3.16. If a function f : X — Y is not one-to-one, then one 
can find distinct x and 2’ in the domain X such that f(x) = f(a’), thus 
one can find two inputs which map to one output. Because of this, we 
say that f is two-to-one instead of one-to-one. 


Definition 3.3.17 (Onto functions). A function f is onto (or surjective) 
if f(X) = Y, ie., every element in Y comes from applying f to some 
element in X: 


For every y € Y, there exists x € X such that f(x) = y. 


Example 3.3.18. (Informal) The function f : Z— Z defined by 
f(n) := n? is not onto because the negative numbers are not in the image 
of f. However, if we restrict the range Z to the set A := {n?: n € Z} 
of square numbers, then the function g : Z — A defined by g(n) := n? 
is now onto. Thus the notion of an onto function depends not just on 
what the function does, but also what its range is. 


Remark 3.3.19. The concepts of injectivity and surjectivity are in 
many ways dual to each other; see Exercises 3.3.2, 3.3.4, 3.3.5 for some 
evidence of this. 


Definition 3.3.20 (Bijective functions). Functions f : X — Y which 
are both one-to-one and onto are also called bijective or invertible. 


Example 3.3.21. Let f : {0,1,2} — {3,4} be the function f(0) := 3, 
f(1) := 3, f(2) := 4. This function is not bijective because if we set 
y = 3, then there is more than one x in {0, 1,2} such that f(a) = y (this 
is a failure of injectivity). Now let g : {0,1} > {2,3,4} be the function 
g(0) := 2, g(1) := 3; then g is not bijective because if we set y = 4, 
then there is no x for which g(x) = y (this is a failure of surjectivity). 
Now let h : {0,1,2} > {3,4,5} be the function h(0) := 3, A(1) := 4, 
h(2) := 5. Then h is bijective, because each of the elements 3, 4, 5 comes 
from exactly one element from 0, 1, 2. 
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Example 3.3.22. The function f : N + N\{0} defined by f(n) := 
n++ is a bijection (in fact, this fact is simply restating Axioms 2.2, 2.3, 
2.4). On the other hand, the function g : N — N defined by the same 
definition g(n) := n+ is not a bijection. Thus the notion of a bijective 
function depends not just on what the function does, but also what its 
range (and domain) are. 


Remark 3.3.23. If a function x +> f(x) is bijective, then we sometimes 
call f a perfect matching or a one-to-one correspondence (not to be 
confused with the notion of a one-to-one function), and denote the action 
of f using the notation x + f(x) instead of x +> f(x). Thus for instance 
the function h in the above example is the one-to-one correspondence 
063,164,265. 


Remark 3.3.24. A common error is to say that a function f : X > Y 
is bijective iff “for every x in X, there is exactly one y in Y such that 
y = f(x).” This is not what it means for f to be bijective; rather, this is 
merely stating what it means for f to be a function. A function cannot 
map one element to two different elements, for instance one cannot have 
a function f for which f(0) = 1 and also f(0) = 2. The functions 
f, g given in the previous example are not bijective, but they are still 
functions, since each input still gives exactly one output. 


If f is bijective, then for every y € Y, there is exactly one x such 
that f(a) = y (there is at least one because of surjectivity, and at most 
one because of injectivity). This value of x is denoted f~'(y); thus f~! 
is a function from Y to X. We call f~! the inverse of f. 


— Exercises — 


Exercise 3.3.1. Show that the definition of equality in Definition 3.3.7 is re- 
flexive, symmetric, and transitive. Also verify the substitution property: if 
cite X — Y and g,g: Y — Z are functions such that f = f and g = g, then 
gof=gof. 

Exercise 3.3.2. Let f : X + Y andg:Y — Z be functions. Show that if f 
and g are both injective, then so is go f; similarly, show that if f and g are 
both surjective, then so is go f. 


Exercise 3.3.3. When is the empty function injective? surjective? bijective? 


Exercise 3.3.4. In this section we give some cancellation laws for composition. 
Let f: X 9 Y,f:X 3Y,9:Y > Z,andg:Y —- Z be functions. Show 
that if go f=go f and g is injective, then f = fe Is the same statement true 
if g is not injective? Show that if go f=gof and f is surjective, then g = g. 
Is the same statement true if f is not surjective? 
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Exercise 3.3.5. Let f: X — Y and g:Y — Z be functions. Show that if go f 
is injective, then f must be injective. Is it true that g must also be injective? 
Show that if go f is surjective, then g must be surjective. Is it true that f must 
also be surjective? 


Exercise 3.3.6. Let f : X — Y be a bijective function, and let f~! : Y — X 
be its inverse. Verify the cancellation laws f~!(f(x)) = x for all x € X and 
f(f-t(y)) = y for all y € Y. Conclude that f~! is also invertible, and has f 
as its inverse (thus (f~+)~! = f). 

Exercise 3.3.7. Let f : X + Y andg:Y — Z be functions. Show that if f 
and g are bijective, then so is go f, and we have (go f)>' = f-log'!. 
Exercise 3.3.8. If X is a subset of Y, let rx .y : X > Y be the inclusion map 
from X to Y, defined by mapping «+> x for all  € X, ie., tx 4y (x) := x for 
all € X. The map tx-_,x is in particular called the identity map on X. 


(a) Show that if X CY C Z then ty ZOlLX>5Y = LX >5Z.- 


(b) Show that if f : A — B is any function, then f = fovrg.4 =tp po f. 

(c) Show that, if f : A > B is a bijective function, then fo f~' = ip sp 
and f-!o f =144a. 

(d) Show that if X and Y are disjoint sets, and f: X > Zandg:Y > Z 
are functions, then there is a unique function h: X UY > Z such that 
hotx+xuy = f and hoty.xuy =g. 


3.4 Images and inverse images 


We know that a function f : X — Y from a set X to aset Y can take 
individual elements x € X to elements f(x) € Y. Functions can also 
take subsets in X to subsets in Y: 


Definition 3.4.1 (Images of sets). If f : X > Y is a function from X 
to Y, and S is a set in X, we define f(S) to be the set 


f(S) = {f(w) + @ € S}; 


this set is a subset of Y, and is sometimes called the image of S under the 
map f. We sometimes call f(S) the forward image of S to distinguish 
it from the concept of the inverse image f—!(S) of S, which is defined 
below. 


Note that the set f(S) is well-defined thanks to the axiom of re- 
placement (Axiom 3.6). One can also define f(S) using the axiom of 
specification (Axiom 3.5) instead of replacement, but we leave this as a 
challenge to the reader. 


3.4. Images and inverse images 57 


Example 3.4.2. If f : N—N is the map f(x) = 22, then the forward 
image of {1,2,3} is {2,4, 6}: 


f({1, 2,3}) = {2, 4, 6}. 


More informally, to compute f(S), we take every element x of S, and 
apply f to each element individually, and then put all the resulting 
objects together to form a new set. 


In the above example, the image had the same size as the original set. 
But sometimes the image can be smaller, because f is not one-to-one 
(see Definition 3.3.14): 


Example 3.4.3. (Informal) Let Z be the set of integers (which we will 
define rigorously in the next section) and let f : Z— Z be the map 
f(x) = 27, then 

f({—1,0,1,2}) = {0,1, 4}. 


Note that f is not one-to-one because f(—1) = f(1). 


Note that 
ceS => f(x) € f(S) 


but in general 


f(aef(S) ere; 


for instance in the above informal example, f(—2) lies in the set 
f({—1,0,1,2}), but —2 is not in {—1,0,1,2}. The correct statement 
is 

ye f(S) — y= f(x) forsomere S 


(why?). 


Definition 3.4.4 (Inverse images). If U is a subset of Y, we define the 
set f—!(U) to be the set 


f U) =4{ee X2 fla) eu}. 


In other words, f~!(U) consists of all the elements of X which map into 
U: 
fixc)eU —> wef lV). 


We call f~!(U) the inverse image of U. 


58 3. Set theory 


Example 3.4.5. If f : N > N is the map f(x) = 2z, then f({1,2,3}) = 
{2,4,6}, but f-!({1,2,3}) = {1}. Thus the forward image of {1,2,3} 
and the backwards image of {1,2,3} are quite different sets. Also note 
that 


f(f-*({1, 2, 3})) # (1,2, 3} 
(why?). 


Example 3.4.6. (Informal) If f : Z— Z is the map f(x) = x?, then 


f 140,1,4)) =] {=2, 10,1; 2}. 


Note that f does not have to be invertible in order for f~'(U) to make 
sense. Also note that images and inverse images do not quite invert each 
other, for instance we have 


f*(F({-1,0, 1, 2})) # 41,0; 1, 2} 
(why?). 


Remark 3.4.7. If f is a bijective function, then we have defined f~! 
in two slightly different ways, but this is not an issue because both 
definitions are equivalent (Exercise 3.4.1). 


As remarked earlier, functions are not sets. However, we do consider 
functions to be a type of object, and in particular we should be able to 
consider sets of functions. In particular, we should be able to consider 
the set of all functions from a set X to a set Y. To do this we need to 
introduce another axiom to set theory: 


Axiom 3.10 (Power set axiom). Let X and Y be sets. Then there exists 
a set, denoted Y* , which consists of all the functions from X to Y, thus 


feYy* <> (f is a function with domain X and range Y). 


Example 3.4.8. Let X = {4,7} and Y = {0,1}. Then the set Y* 
consists of four functions: the function that maps 4+> 0 and 7+> 0; the 
function that maps 4 +> 0 and 7 +> 1; the function that maps 4 > 1 
and 7 ++ 0; and the function that maps 41> 1 and 7+ 1. The reason 
we use the notation Y* to denote this set is that if Y has n elements 
and X has m elements, then one can show that Y* has n™ elements; 
see Proposition 3.6.14(f). 
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Lemma 3.4.9. Let X be a set. Then the set 
{Y :Y is a subset of X} 


is a set. 


Proof. See Exercise 3.4.6. 


Remark 3.4.10. The set {Y : Y isa subset of X} is known as the 
power set of X and is denoted 2*. For instance, if a,b,c are distinct 
objects, we have 


aes = {0, {a}, {d}, ch; {a, b}, {a, ch, {b, c}, {a, b, cht. 


Note that while {a,b,c} has 3 elements, 24% has 2? = 8 elements. 
This gives a hint as to why we refer to the power set of X as 2*; we 
return to this issue in Chapter 8. 


For sake of completeness, let us now add one further axiom to our 
set theory, in which we enhance the axiom of pairwise union to allow 
unions of much larger collections of sets. 


Axiom 3.11 (Union). Let A be a set, all of whose elements are them- 
selves sets. Then there exists a set |) A whose elements are precisely 
those objects which are elements of the elements of A, thus for all ob- 
jects x 

celJA <=> (£€S for some S € A). 


Example 3.4.11. If A = {{2, 3}, {3,4}, {4,5}}, then UA = {2,3, 4,5} 
(why?). 


The axiom of union, combined with the axiom of pair set, implies 
the axiom of pairwise union (Exercise 3.4.8). Another important conse- 
quence of this axiom is that if one has some set J, and for every element 
a € I we have some set Ag, then we can form the union set U,<¢7; 4a by 
defining 

U Ay = {Aq :a€ TH, 

ael 
which is a set thanks to the axiom of replacement and the axiom of 
union. Thus for instance, if J = {1,2,3}, Ai := {2,3}, Ao := {3,4}, and 
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A3 := {4,5}, then Uaes1,2,3} Aq = {2,3,4,5}. More generally, we see 
that for any object y, 


ye [J Ao <> (y € A, for some a € I). (3.2) 
acl 


In situations like this, we often refer to J as an index set, and the elements 
a of this index set as labels; the sets Ag are then called a family of sets, 
and are indexed by the labels a € I. Note that if J was empty, then 
User Aa would automatically also be empty (why?). 

We can similarly form intersections of families of sets, as long as the 
index set is non-empty. More specifically, given any non-empty set J, 
and given an assignment of a set A, to each a € I, we can define the 
intersection (\,<; Aa by first choosing some element { of J (which we 
can do since J is non-empty), and setting 


() Aa := {2 € Ag: 2 € Ag for alla € J}, (3.3) 
ael 


which is a set by the axiom of specification. This definition may look like 
it depends on the choice of 3, but it does not (Exercise 3.4.9). Observe 
that for any object y, 


ye () Aa => (y € Aa for all a € I) (3.4) 
acl 


(compare with (3.2)). 


Remark 3.4.12. The axioms of set theory that we have introduced 
(Axioms 3.1-3.11, excluding the dangerous Axiom 3.8) are known as 
theZermelo-Fraenkel axioms of set theory®, after Ernest Zermelo (1871-— 
1953) and Abraham Fraenkel (1891-1965). There is one further axiom 
we will eventually need, the famous aziom of choice (see Section 8.4), 
giving rise to the Zermelo-Fraenkel-Choice (ZFC) axioms of set theory, 
but we will not need this axiom for some time. 


— Exercises — 
Exercise 3.4.1. Let f : X — Y be a bijective function, and let f~! : Y — X 
be its inverse. Let V be any subset of Y. Prove that the forward image of V 
under f~! is the same set as the inverse image of V under f; thus the fact that 
both sets are denoted by f~1(V) will not lead to any inconsistency. 


3These axioms are formulated slightly differently in other texts, but all the formu- 
lations can be shown to be equivalent to each other. 
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Exercise 3.4.2. Let f : X — Y be a function from one set X to another set Y, 
let S be a subset of X, and let U be a subset of Y. What, in general, can one 
say about f~!(f(S)) and S$? What about f(f~1(U)) and U? 

Exercise 3.4.3. Let A,B be two subsets of a set X, and let f : X + Y be 
a function. Show that f(AN B) C f(A)N f(B), that f(A)\f(B) C f(A\B), 
f(AUB) = f(A) U f(B). For the first two statements, is it true that the C 
relation can be improved to =? 

Exercise 3.4.4. Let f : X — Y be a function from one set X to another set Y, 
and let U,V be subsets of Y. Show that f-'(UUV) = f-1(U)Uf-1(V), that 
fC UNV) =f) OF (V), and that f-'\(U\V) = f-*(U)\ FV). 
Exercise 3.4.5. Let f : X — Y be a function from one set X to another set Y. 
Show that f(f~1(S)) = S for every S C Y if and only if f is surjective. Show 
that f~!(f(S)) = S$ for every S C X if and only if f is injective. 

Exercise 3.4.6. Prove Lemma 3.4.9. (Hint: start with the set {0,1}* and apply 
the replacement axiom, replacing each function f with the object f~+({1}).) 
See also Exercise 3.5.11. 

Exercise 3.4.7. Let X,Y be sets. Define a partial function from X to Y to 
be any function f : X’ — Y’ whose domain X’ is a subset of X, and whose 
range Y’ is a subset of Y. Show that the collection of all partial functions 
from X to Y is itself a set. (Hint: use Exercise 3.4.6, the power set axiom, the 
replacement axiom, and the union axiom.) 

Exercise 3.4.8. Show that Axiom 3.4 can be deduced from Axiom 3.1, Axiom 
3.3 and Axiom 3.11. 

Exercise 3.4.9. Show that if @ and 8’ are two elements of a set J, and to each 
a € I we assign a set Ag, then 


{t € Ag: € Ag for alla € I} ={x € Ag: x € Ay for allac J}, 


and so the definition of (),-; Aq defined in (3.3) does not depend on 3. Also 


explain why (3.4) is true. 

Exercise 3.4.10. Suppose that J and J are two sets, and for all a € TU J let 
Aq be a set. Show that (U,¢7 Ae) U (Use Aa) = Users Aa- If I and J are 
non-empty, show that ((),<¢7 Aa) (Nees Aa) = Neeru s Aa: 

Exercise 3.4.11. Let X be a set, let J be a non-empty set, and for all a € J let 
A, be a subset of X. Show that 


X\ U Ag = () (X\ 4a) 


ael ael 


ael 


and 
X\ () Aa = U (X\ Aa). 
ael ael 
This should be compared with de Morgan’s laws in Proposition 3.1.28 (although 
one cannot derive the above identities directly from de Morgan’s laws, as I could 
be infinite). 
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3.5 Cartesian products 


In addition to the basic operations of union, intersection, and differ- 
encing, another fundamental operation on sets is that of the Cartesian 
product. 


Definition 3.5.1 (Ordered pair). If x and y are any objects (possibly 
equal), we define the ordered pair (x,y) to be a new object, consisting 
of x as its first component and y as its second component. Two ordered 
pairs (a,y) and (a’,y’) are considered equal if and only if both their 
components match, i.e. 


(x,y) = (2,y/) <=> @w=a' andy=y’). (3.5) 


This obeys the usual axioms of equality (Exercise 3.5.3). Thus for in- 
stance, the pair (3,5) is equal to the pair (2+ 1,3 +4 2), but is distinct 
from the pairs (5,3), (3,3), and (2,5). (This is in contrast to sets, where 
{3,5} and {5,3} are equal.) 


Remark 3.5.2. Strictly speaking, this definition is partly an axiom, 
because we have simply postulated that given any two objects x and y, 
that an object of the form (x, y) exists. However, it is possible to define 
an ordered pair using the axioms of set theory in such a way that we do 
not need any further postulates (see Exercise 3.5.1). 


Remark 3.5.3. We have now “overloaded” the parenthesis symbols () 
once again; they now are not only used to denote grouping of operators 
and arguments of functions, but also to enclose ordered pairs. This is 
usually not a problem in practice as one can still determine what usage 
the symbols () were intended for from context. 


Definition 3.5.4 (Cartesian product). If X and Y are sets, then we 
define the Cartesian product X x Y to be the collection of ordered pairs, 
whose first component lies in X and second component lies in Y, thus 


XxY={(z,y):ceEeXx,yeY} 
or equivalently 
ae(xX xY) <= (a=(a,y) for some x € X andy €Y). 


Remark 3.5.5. We shall simply assume that our notion of ordered pair 
is such that whenever X and Y are sets, the Cartesian product X x Y is 
also a set. This is however not a problem in practice; see Exercise 3.5.1. 
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Example 3.5.6. If X := {1,2} and Y := {3,4,5}, then 
XxY= {(1,3), (1,4), (1, 5), (2, 3), (2, 4), (2, 5) } 


and 
Y xX ={(850)(44)(5,,.1)3(832),14 2)(5;2)b- 


Thus, strictly speaking, X x Y and Y x X are different sets, although 
they are very similar. For instance, they always have the same number 
of elements (Exercise 3.6.5). 


Let f : X x Y > Z bea function whose domain X x Y is a Cartesian 
product of two other sets X and Y. Then f can either be thought of 
as a function of one variable, mapping the single input of an ordered 
pair (x,y) in X x Y to an output f(x,y) in Z, or as a function of two 
variables, mapping an input x € X and another input y € Y to a single 
output f(x,y) in Z. While the two notions are technically different, we 
will not bother to distinguish the two, and think of f simultaneously 
as a function of one variable with domain X x Y and as a function of 
two variables with domains X and Y. Thus for instance the addition 
operation + on the natural numbers can now be re-interpreted as a 
function + : N x N +N, defined by (2, y) Ob x+y. 

One can of course generalize the concept of ordered pairs to ordered 
triples, ordered quadruples, etc: 


Definition 3.5.7 (Ordered n-tuple and n-fold Cartesian product). Let 
n be a natural number. An ordered n-tuple (x;)1<i<n (also denoted 
(%1,---,;@n)) is a collection of objects x;, one for every natural number 
i between 1 and n; we refer to x; as the gth component of the ordered 
n-tuple. Two ordered n-tuples (2;)1<i<n and (yj)1<i<n are said to be 
equal iff x; = y; for all 1 <i<n. If (Xi)1<i<n is an ordered n-tuple of 
sets, we define their Cartesian product [],<;<, Xi (also denoted []j_, Xi 
Or Ay yan AG). by Le 


II Ke tire eee :a; € X; for alll <i< n}. 
1l<i<n 


Again, this definition simply postulates that an ordered n-tuple and 
a Cartesian product always exist when needed, but using the axioms of 
set theory one can explicitly construct these objects (Exercise 3.5.2). 


Remark 3.5.8. One can show that [[,<;<, Xi is indeed a set. Indeed, 
from the power set axiom we can consider the set of all functions iH 2; 
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from the domain {1 <i < n} to the range U,-;<,, Xi, and then we can 
restrict using the axiom of specification to restrict to those functions 
i +> 2; for which x; € X; for all 1 < i< n. One can generalize this 
construction to infinite Cartesian products, see Definition 8.4.1. 


Example 3.5.9. Let aj, 01, a2, b2,a3,63 be objects, and let X, := 
{a1, bi}, Xo := {a2, be}, and X3 := {az,b3}. Then we have 


X1 x X2q x X3 = {(a1, a2, a3), (G1, a2, bs), (a1, b2, a3), (a1, ba, bs), 
(b1, 2, a3), (b1, a2, 03), (b1, b2, a3), (61, be, b3) } 
(X1 x Xo) x X3 = 
{((a1, 22), 43),((a1, 42), 63), (a1, 62), a3), (a1, 62), 3), 
((b1, 42), @3),((b1, a2), 63), ((b1, 2), a3), ((O1, 62), b3) } 
XX (Xq x X3) = 
( 


{ ay , (@2, 43)),(a1, (a2, b3)), (a1, (b2, 43)), (a1, (b2, b3)), 
(b1, (42, @3)),(b1, (a2, b3)), (b1, (2, a3)), (01, (62, 63))F- 


Thus, strictly speaking, the sets X, x X2 x X3, (X, x X2) x X3, and 
X1 X (X2 x X3) are distinct. However, they are clearly very related to 
each other (for instance, there are obvious bijections between any two 
of the three sets), and it is common in practice to neglect the minor 
distinctions between these sets and pretend that they are in fact equal. 
Thus a function f : Xx X9x X3 > Y can be thought of as a function of 
one variable (x1, 72,73) € X1x X2x X3, or as a function of three variables 
v1 € X1, ©2 € X2, 73 € X3, or as a function of two variables 7; € X1, 
(12,43) € X2g x X3, and so forth; we will not bother to distinguish 
between these different perspectives. 


Remark 3.5.10. An ordered n-tuple 71,...,2» of objects is also called 
an ordered sequence of n elements, or a finite sequence for short. In 
Chapter 5 we shall also introduce the very useful concept of an infinite 
sequence. 


Example 3.5.11. If x is an object, then (x) is a 1-tuple, which we 
shall identify with x itself (even though the two are, strictly speaking, 
not the same object). Then if X, is any set, then the Cartesian prod- 
uct [],<;<, Xi is just X; (why?). Also, the empty Cartesian product 
Theico Xi gives, not the empty set {}, but rather the singleton set {()} 
whose only element is the 0-tuple (), also known as the empty tuple. 
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If n is a natural number, we often write X” as shorthand for the 
n-fold Cartesian product X” := [],<;<,, X. Thus X1 is essentially the 
same set as X (if we ignore the distinction between an object x and the 
1-tuple (x)), while X? is the Cartesian product X x X. The set X° isa 
singleton set {()} (why’). 

We can now generalize the single choice lemma (Lemma 3.1.6) to 
allow for multiple (but finite) number of choices. 


Lemma 3.5.12 (Finite choice). Let n > 1 be a natural number, and 
for each natural number 1 <1 <n, let X; be a non-empty set. Then 
there exists an n-tuple (xi)1<i<n such that x; € X; for alll <i<n. 
In other words, if each X; is non-empty, then the set [[,<;<, Xi is also 
non-empty. ie 


Proof. We induct on n (starting with the base case n = 1; the claim is 
also vacuously true with n = 0 but is not particularly interesting in that 
case). When n = 1 the claim follows from Lemma 3.1.6 (why?). Now 
suppose inductively that the claim has already been proven for some n; 
we will now prove it for n-+4+. Let Xy,...,Xn44 be a collection of non- 
empty sets. By induction hypothesis, we can find an n-tuple (xj)1<i<n 
such that 2; € X; for all 1 <i<n. Also, since X,44 is non-empty, by 
Lemma 3.1.6 we may find an object a such that a € Xn44. If we thus 
define the n++-tuple (yi)1<i<n44 by setting y; := 2; when 1 <i<n 
and y; := a when 7 = n++ it is clear that y; € X; for alll <i< nH, 
thus closing the induction. 


Remark 3.5.13. It is intuitively plausible that this lemma should be 
extended to allow for an infinite number of choices, but this cannot be 
done automatically; it requires an additional axiom, the axiom of choice. 
See Section 8.4. 


— Exercises — 


Exercise 3.5.1. Suppose we define the ordered pair (x,y) for any objects x 
and y by the formula (x, y) := {{x}, {x, y}} (thus using several applications of 
Axiom 3.3). Thus for instance (1,2) is the set {{1}, {1,2}}, (2,1) is the set 
{{2}, {2, 1}}, and (1,1) is the set {{1}}. Show that such a definition indeed 
obeys the property (3.5), and also whenever X and Y are sets, the Cartesian 
product X x Y is also a set. Thus this definition can be validly used as a 
definition of an ordered pair. For an additional challenge, show that the al- 
ternate definition (x,y) := {x,{z,y}} also verifies (3.5) and is thus also an 
acceptable definition of ordered pair. (For this latter task one needs the axiom 
of regularity, and in particular Exercise 3.2.2.) 
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Exercise 3.5.2. Suppose we define an ordered n-tuple to be a surjective function 
x:{iE€N:1<i<n}— X whose range is some arbitrary set X (so different 
ordered n-tuples are allowed to have different ranges); we then write x; for 
x(i), and also write x as (x;)i<i<n. Using this definition, verify that we have 
(tili<i<n = (Yi)i<i<n if and only if 2; = y; for all 1 <i< n. Also, show 
that if (X;)i<i<n are an ordered n-tuple of sets, then the Cartesian product, 
as defined in Definition 3.5.7, is indeed a set. (Hint: use Exercise 3.4.7 and the 
axiom of specification.) 


Exercise 3.5.3. Show that the definitions of equality for ordered pair and or- 
dered n-tuple obey the reflexivity, symmetry, and transitivity axioms. 


Exercise 3.5.4. Let A, B,C be sets. Show that Ax (BUC) = (Ax B)U(AxC), 
that Ax (BNC) = (Ax B)N(AxC), and that Ax (B\C) = (Ax B)\(AxC). 
(One can of course prove similar identities in which the réles of the left and 
right factors of the Cartesian product are reversed.) 


Exercise 3.5.5. Let A,B,C, D be sets. Show that (A x B)N(C x D) = (An 
C) x (BN D). Is it true that (A x B) U(C x D) = (AUC) x (BUD)? Is it 
true that (A x B)\(C x D) = (A\C) x (B\D)? 

Exercise 3.5.6. Let A,B,C, D be non-empty sets. Show that Ax BCC x D 
if and only if A C C and B C D, and that A x B = Cx D if and only if 
A=C and B = D. What happens if the hypotheses that the A,B,C, D are 
all non-empty are removed? 


Exercise 3.5.7. Let X,Y be sets, and let txyy 3x :XxY > X andaxyysy: 
X x Y > Y be the maps mxxy>x(a,y) := @ and mxyxy4y(az,y) := y; these 
maps are known as the co-ordinate functions on X x Y. Show that for any 
functions f : Z > X and g: Z > Y, there exists a unique function h: Z > 
X x Y such that txyy5x 0h = f and txyxy4y oh = g. (Compare this to the 
last part of Exercise 3.3.8, and to Exercise 3.1.7.) This function h is known as 
the direct sum of f and g and is denoted h = f @g. 


Exercise 3.5.8. Let X1,...,X, be sets. Show that the Cartesian product 
ee X;, is empty if and only if at least one of the X; is empty. 


Exercise 3.5.9. Suppose that J and J are two sets, and for all a € I let Ag be 
a set, and for all 6 € J let Bg be a set. Show that (Uye7 Aa) 9 (Uses Bs) = 
Uva,ayerxs (Aa m Bg). 

Exercise 3.5.10. If f : X — Y is a function, define the graph of f to be the 
subset of X x Y defined by {(2, f(x)) : « € X}. Show that two functions 
f:X OY, f : X — Y are equal if and only if they have the same graph. 
Conversely, if G is any subset of X x Y with the property that for each x € X, 
the set {y € Y : (a,y) € G} has exactly one element (or in other words, G 
obeys the vertical line test), show that there is exactly one function f : X > Y 
whose graph is equal to G. 


Exercise 3.5.11. Show that Axiom 3.10 can in fact be deduced from Lemma 
3.4.9 and the other axioms of set theory, and thus Lemma 3.4.9 can be used 
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as an alternate formulation of the power set axiom. (Hint: for any two sets X 
and Y, use Lemma 3.4.9 and the axiom of specification to construct the set of 
all subsets of X x Y which obey the vertical line test. Then use Exercise 3.5.10 
and the axiom of replacement.) 


Exercise 3.5.12. This exercise will establish a rigorous version of Proposition 
2.1.16. Let f: Nx N—N bea function, and let c be a natural number. Show 
that there exists a function a: N > N such that 


a(0) =c 


and 
a(n++) = f(n,a(n)) for alln EN, 


and furthermore that this function is unique. (Hint: first show inductively, by 
a modification of the proof of Lemma 3.5.12, that for every natural number 
N €N, there exists a unique function ay : {n € N: n < N} > N such 
that ay(0) = c and an(n++) = f(n,a(n)) for all mn € N such that n < N.) 
For an additional challenge, prove this result without using any properties 
of the natural numbers other than the Peano axioms directly (in particular, 
without using the ordering of the natural numbers, and without appealing to 
Proposition 2.1.16). (Hint: first show inductively, using only the Peano axioms 
and basic set theory, that for every natural number N € N, there exists a 
unique pair Ay, By of subsets of N which obeys the following properties: 
(a) AvN By = 0, (b) An U By = N, (c) 0 € An, (d) N++ € By, (e) 
Whenever n € By, we have n4+4+ € By. (f) Whenever n € Ay and n # N, 
we have n++ € Ay. Once one obtains these sets, use Ay as a substitute for 
{n€N:n<N} in the previous argument.) 


Exercise 3.5.13. The purpose of this exercise is to show that there is essentially 
only one version of the natural number system in set theory (cf. the discussion 
in Remark 2.1.12). Suppose we have a set N’ of “alternative natural numbers”, 
an “alternative zero” 0’, and an “alternative increment operation” which takes 
any alternative natural number n’ € N’ and returns another alternative natural 
number n/++’ € N’, such that the Peano axioms (Axioms 2.1-2.5) all hold 
with the natural numbers, zero, and increment replaced by their alternative 
counterparts. Show that there exists a bijection f : N — N’ from the natural 
numbers to the alternative natural numbers such that f(0) = 0’, and such that 
for any n € N and n’ € N’, we have f(n) = n’ if and only if f(n+4+) =n’. 
(Hint: use Exercise 3.5.12.) 


3.6 Cardinality of sets 


In the previous chapter we defined the natural numbers axiomatically, 
assuming that they were equipped with a 0 and an increment operation, 
and assuming five axioms on these numbers. Philosophically, this is quite 
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different from one of our main conceptualizations of natural numbers - 
that of cardinality, or measuring how many elements there are in a set. 
Indeed, the Peano axiom approach treats natural numbers more like 


ordinals than cardinals. (The cardinals are One, Two, Three, ..., and 
are used to count how many things there are in a set. The ordinals are 
First, Second, Third, ..., and are used to order a sequence of objects. 


There is a subtle difference between the two, especially when comparing 
infinite cardinals with infinite ordinals, but this is beyond the scope 
of this text). We paid a lot of attention to what number came next 
after a given number n - which is an operation which is quite natural 
for ordinals, but less so for cardinals - but did not address the issue of 
whether these numbers could be used to count sets. The purpose of this 
section is to address this issue by noting that the natural numbers can 
be used to count the cardinality of sets, as long as the set is finite. 

The first thing is to work out when two sets have the same size: it 
seems clear that the sets {1,2,3} and {4,5,6} have the same size, but 
that both have a different size from {8,9}. One way to define this is to 
say that two sets have the same size if they have the same number of 
elements, but we have not yet defined what the “number of elements” 
in a set is. Besides, this runs into problems when a set is infinite. 

The right way to define the concept of “two sets having the same 
size” is not immediately obvious, but can be worked out with some 
thought. One intuitive reason why the sets {1,2,3} and {4,5,6} have 
the same size is that one can match the elements of the first set with 
the elements in the second set in a one-to-one correspondence: 1 © 4, 
24 5,3 4 6. (Indeed, this is how we first learn to count a set: we 
correspond the set we are trying to count with another set, such as a 
set of fingers on your hand). We will use this intuitive understanding as 
our rigorous basis for “having the same size”. 


Definition 3.6.1 (Equal cardinality). We say that two sets X and Y 
have equal cardinality iff there exists a bijection f : X — Y from X 
to Y. 


Example 3.6.2. The sets {0,1,2} and {3,4,5} have equal cardinality, 
since we can find a bijection between the two sets. Note that we do not 
yet know whether {0,1,2} and {3,4} have equal cardinality; we know 
that one of the functions f from {0,1,2} to {3,4} is not a bijection, but 
we have not proven yet that there might still be some other bijection 
from one set to the other. (It turns out that they do not have equal 
cardinality, but we will prove this a little later). Note that this definition 
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makes sense regardless of whether X is finite or infinite (in fact, we 
haven’t even defined what finite means yet). 


Remark 3.6.3. The fact that two sets have equal cardinality does not 
preclude one of the sets from containing the other. For instance, if X 
is the set of natural numbers and Y is the set of even natural numbers, 
then the map f : X — Y defined by f(n) := 2n is a bijection from X 
to Y (why?), and so X and Y have equal cardinality, despite Y being a 
subset of X and seeming intuitively as if it should only have “half” of 
the elements of X. 


The notion of having equal cardinality is an equivalence relation: 


Proposition 3.6.4. Let X, Y, Z be sets. Then X has equal cardinality 
with X. If X has equal cardinality with Y, then Y has equal cardinality 
with X. If X has equal cardinality with Y and Y has equal cardinality 
with Z, then X has equal cardinality with Z. 


Proof. See Exercise 3.6.1. 


Let n be a natural number. Now we want to say when a set X has n 
elements. Certainly we want the set {i € N:1<i<n}={1,2,...,n} 
to have n elements. (This is true even when n = 0; the set {1 € N:1< 
i < 0} is just the empty set.) Using our notion of equal cardinality, we 
thus define: 


Definition 3.6.5. Let n be a natural number. A set X is said to have 
cardinality n, iff it has equal cardinality with {i ¢ N:1<i<n}. We 
also say that X has n elements iff it has cardinality n. 


Remark 3.6.6. One can use the set {i € N:7 < n} instead of {ie N: 
1<i< nb}, since these two sets clearly have equal cardinality. (Why? 
What is the bijection?) 


Example 3.6.7. Let a,b,c,d be distinct objects. Then {a,b,c,d} has 
the same cardinality as {1 © N:i < 4} ={0,1,2,3} or {i CN: 1<i< 
4} = {1,2,3,4} and thus has cardinality 4. Similarly, the set {a} has 
cardinality 1. 


There might be one problem with this definition: a set might have 
two different cardinalities. But this is not possible: 


Proposition 3.6.8 (Uniqueness of cardinality). Let X be a set with 
some cardinality n. Then X cannot have any other cardinality, t.e., X 
cannot have cardinality m for anym # n. 
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Before we prove this proposition, we need a lemma. 


Lemma 3.6.9. Suppose thatn > 1, and X has cardinality n. Then X 
is non-empty, and if x is any element of X, then the set X — {x} (i.e., 
X with the element x removed) has cardinality* n—1. 


Proof. If X is empty then it clearly cannot have the same cardinality as 
the non-empty set {i € N: 1 <i <n}, as there is no bijection from the 
empty set to a non-empty set (why?). Now let x be an element of X. 
Since X has the same cardinality as {i € N:1<i< N}, we thus have 
a bijection f from X to {i € N:1<i< N}. In particular, f(x) isa 
natural number between 1 and n. Now define the function g : X — {x} 
to {ie N:1<i<n-—1} by the following rule: for any y € X — {z}, 
we define g(y) := f(y) if f(y) < f(x), and define g(y) := f(y) —1 if 
f(y) > f(x). (Note that f(y) cannot equal f(a) since y 4 x and f isa 
bijection.) It is easy to check that this map is also a bijection (why?), 
and so X — {x} has equal cardinality with {i @ N:1<i<n-—1}. In 
particular X — {x} has cardinality n — 1, as desired. 


Now we prove the proposition. 


Proof of Proposition 3.6.8. We induct on n. First suppose that n = 0. 
Then X must be empty, and so X cannot have any non-zero cardinality. 
Now suppose that the proposition is already proven for some n; we now 
prove it for n++. Let X have cardinality n++; and suppose that X also 
has some other cardinality m #4 n++. By Lemma 3.6.9, X is non-empty, 
and if x is any element of X, then X — {x} has cardinality n and also 
has cardinality m — 1, by Lemma 3.6.9. By induction hypothesis, this 
means that n = m — 1, which implies that m = n-+4+, a contradiction. 
This closes the induction. 


Thus, for instance, we now know, thanks to Propositions 3.6.4 and 
3.6.8, that the sets {0,1,2} and {3,4} do not have equal cardinality, 
since the first set has cardinality 3 and the second set has cardinality 2. 


Definition 3.6.10 (Finite sets). A set is finite iff it has cardinality n 
for some natural number n; otherwise, the set is called infinite. If X is 
a finite set, we use #(X) to denote the cardinality of X. 


4Strictly speaking, n—1 has not yet been defined in this text. For the purposes of 
this lemma, we define n — 1 to be the unique natural number m such that m+4 = n; 
this m is given by Lemma 2.2.10. 
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Example 3.6.11. The sets {0, 1,2} and {3, 4} are finite, as is the empty 
set (0 is a natural number), and #({0,1,2}) = 3, #({3,4}) = 2, and 
#(0) = 0. 


Now we give an example of an infinite set. 
Theorem 3.6.12. The set of natural numbers N is infinite. 


Proof. Suppose for sake of contradiction that the set of natural numbers 
N was finite, so it had some cardinality #(N) = n. Then there is a 
bijection f from {i Ee N: 1 <i< n} to N. One can show that the 
sequence f(1), f(2),...,f(m) is bounded, or more precisely that there 
exists a natural number M such that f(i) < M for all 1 <i<n 
(Exercise 3.6.3). But then the natural number M +1 is not equal to any 
of the f(z), contradicting the hypothesis that f is a bijection. 


Remark 3.6.13. One can also use similar arguments to show that any 
unbounded set is infinite; for instance the rationals Q and the reals R 
(which we will construct in later chapters) are infinite. However, it is 
possible for some sets to be “more” infinite than others; see Section 8.3. 


Now we relate cardinality with the arithmetic of natural numbers. 


Proposition 3.6.14 (Cardinal arithmetic). 


(a) Let X be a finite set, and let x be an object which is not an element 
of X. Then X U {x} ts finite and #(X U{xr}) = #(X) +1. 


(b) Let X and Y be finite sets. Then X UY is finite and #(X U 
Y) < #(X)+#(Y). If in addition X and Y are disjoint (i.e., 
XY =0), then #(X UY) = #(X) + #(Y). 


(c) Let X be a finite set, and let Y be a subset of X. Then Y is finite, 
and #(Y) < #(X). If in addition Y # X (1.e., Y is a proper 
subset of X), then we have #(Y) < #(X). 

(d) If X is a finite set, and f : X > Y is a function, then f(X) is a 
finite set with #(f(X)) < #(X). If in addition f is one-to-one, 
then #(f(X)) = #(%). 

(e) Let X and Y be finite sets. Then Cartesian product X x Y is finite 
and #(X x Y) = #(X) x #(Y). 


(f) Let X and Y be finite sets. Then the set Y* (defined in Axiom 
3.10) is finite and #(Y*) = #(Y)#@). 
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Proof. See Exercise 3.6.4. 


Remark 3.6.15. Proposition 3.6.14 suggests that there is another way 
to define the arithmetic operations of natural numbers; not defined re- 
cursively as in Definitions 2.2.1, 2.3.1, 2.3.11, but instead using the no- 
tions of union, Cartesian product, and power set. This is the basis 
of cardinal arithmetic, which is an alternative foundation to arithmetic 
than the Peano arithmetic we have developed here; we will not develop 
this arithmetic in this text, but we give some examples of how one would 
work with this arithmetic in Exercises 3.6.5, 3.6.6. 


This concludes our discussion of finite sets. We shall discuss infinite 
sets in Chapter 8, once we have constructed a few more examples of 
infinite sets (such as the integers, rationals and reals). 


— Exercises — 
Exercise 3.6.1. Prove Proposition 3.6.4. 


Exercise 3.6.2. Show that a set X has cardinality 0 if and only if X is the 
empty set. 


Exercise 3.6.3. Let n be a natural number, and let f: {1 € N:1<i<n}ON 
be a function. Show that there exists a natural number M such that f(i) <M 
for all 1 <i <n. (Hint: induct on n. You may also want to peek at Lemma 
5.1.14.) Thus finite subsets of the natural numbers are bounded. 


Exercise 3.6.4. Prove Proposition 3.6.14. 


Exercise 3.6.5. Let A and B be sets. Show that A x B and B x A have equal 
cardinality by constructing an explicit bijection between the two sets. Then 
use Proposition 3.6.14 to conclude an alternate proof of Lemma 2.3.2. 


Exercise 3.6.6. Let A, B, C be sets. Show that the sets (A?)° and A?*° 
have equal cardinality by constructing an explicit bijection between the two 
sets. Conclude that (a’)° = a®* for any natural numbers a,b,c. Use a similar 
argument to also conclude a? x a® = a?t°. 


Exercise 3.6.7. Let A and B be sets. Let us say that A has lesser or equal 
cardinality to B if there exists an injection f : A— B from A to B. Show that 
if A and B are finite sets, then A has lesser or equal cardinality to B if and 
only if #(A) < #(B). 

Exercise 3.6.8. Let A and B be sets such that there exists an injection f : 
A -— B from A to B (i.e., A has lesser or equal cardinality to B). Show that 
there then exists a surjection g: B + A from B to A. (The converse to this 
statement requires the axiom of choice; see Exercise 8.4.3.) 


Exercise 3.6.9. Let A and B be finite sets. Show that AU B and AN B are 
also finite sets, and that #(A) + #(B) = #(AU B) + #(AN B). 
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Exercise 3.6.10. Let A,,...,An be finite sets such that #(Uiegi,....n} Aj) >n. 
Show that there exists 7 € {1,...,n} such that #(A;) > 2. (This is known as 
the pigeonhole principle.) 


Chapter 4 


Integers and rationals 


4.1 The integers 


In Chapter 2 we built up most of the basic properties of the natural 
number system, but we have reached the limits of what one can do with 
just addition and multiplication. We would now like to introduce a new 
operation, that of subtraction, but to do that properly we will have to 
pass from the natural number system to a larger number system, that 
of the integers. 

Informally, the integers are what you can get by subtracting two 
natural numbers; for instance, 3 — 5 should be an integer, as should 
6 — 2. This is not a complete definition of the integers, because (a) it 
doesn’t say when two differences are equal (for instance we should know 
why 3—5 is equal to 2 — 4, but is not equal to 1 — 6), and (b) it doesn’t 
say how to do arithmetic on these differences (how does one add 3 — 5 
to 6—2?). Furthermore, (c) this definition is circular because it requires 
a notion of subtraction, which we can only adequately define once the 
integers are constructed. Fortunately, because of our prior experience 
with integers we know what the answers to these questions should be. 
To answer (a), we know from our advanced knowledge in algebra that 
a—b=c-—d happens exactly when a+ d= c-+5, so we can characterize 
equality of differences using only the concept of addition. Similarly, to 
answer (b) we know from algebra that (a—6)+(c—d) = (a+c)—(b+d) 
and that (a—b)(c—d) = (ac+6d)—(ad+bc). So we will take advantage of 
our foreknowledge by building all this into the definition of the integers, 
as we shall do shortly. 

We still have to resolve (c). To get around this problem we will use 
the following work-around: we will temporarily write integers not as a 
difference a — b, but instead use a new notation a—b to define integers, 
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where the — is a meaningless place-holder, similar to the comma in the 
Cartesian co-ordinate notation (x, y) for points in the plane. Later when 
we define subtraction we will see that a—b is in fact equal to a— b, and 
so we can discard the notation —; it is only needed right now to avoid 
circularity. (These devices are similar to the scaffolding used to construct 
a building; they are temporarily essential to make sure the building is 
built correctly, but once the building is completed they are thrown away 
and never used again.) This may seem unnecessarily complicated in 
order to define something that we already are very familiar with, but we 
will use this device again to construct the rationals, and knowing these 
kinds of constructions will be very helpful in later chapters. 


Definition 4.1.1 (Integers). An integer is an expression! of the form 
a—b, where a and 0 are natural numbers. Two integers are considered 
to be equal, a—b = c——d, if and only ifa+d=c+b. We let Z denote 
the set of all integers. 


Thus for instance 3——5 is an integer, and is equal to 2——4, because 
3+4=2+45. On the other hand, 3—5 is not equal to 2—-3 because 
3+3 #4 2+5. This notation is strange looking, and has a few deficiencies; 
for instance, 3 is not yet an integer, because it is not of the form a—b! 
We will rectify these problems later. 

We have to check that this is a legitimate notion of equality. We 
need to verify the reflexivity, symmetry, transitivity, and substitution 
axioms (see Section A.7). We leave reflexivity and symmetry to Exercise 
4.1.1 and instead verify the transitivity axiom. Suppose we know that 
a——b = c—d and c—d = e—f. Then we have a+ d= c+ 6 and 
c+f =d+e. Adding the two equations together we obtain a+d+c+f = 
c+b+d+e. By Proposition 2.2.6 we can cancel the c and d, obtaining 
a+f= b+e, ie, a—b = e—f. Thus the cancellation law was 
needed to make sure that our notion of equality is sound. As for the 
substitution axiom, we cannot verify it at this stage because we have not 
yet defined any operations on the integers. However, when we do define 


‘In the language of set theory, what we are doing here is starting with the space 
N x N of ordered pairs (a,b) of natural numbers. Then we place an equivalence 
relation ~ on these pairs by declaring (a, b) ~ (c,d) iff a+d=c+b. The set-theoretic 
interpretation of the symbol a—b is that it is the space of all pairs equivalent to (a, b): 
a—b:= {(c,d) €N x N: (a,b) ~ (c,d)}. However, this interpretation plays no réle 
in how we manipulate the integers and we will not refer to it again. A similar set- 
theoretic interpretation can be given to the construction of the rational numbers later 
in this chapter, or the real numbers in the next chapter. 
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our basic operations on the integers, such as addition, multiplication, 
and order, we will have to verify the substitution axiom at that time in 
order to ensure that the definition is valid. (We will only need to do 
this for the basic operations; more advanced operations on the integers, 
such as exponentiation, will be defined in terms of the basic ones, and 
so we do not need to re-verify the substitution axiom for the advanced 
operations. ) 

Now we define two basic arithmetic operations on integers: addition 
and multiplication. 


Definition 4.1.2. The sum of two integers, (a—b) + (c—d), is defined 
by the formula 


(a—b) + (c—d) := (a+c)—(b+ d). 
The product of two integers, (a—b) x (c—d), is defined by 
(a—b) x (c—d) := (ac + bd)— (ad + be). 


Thus for instance, (3—5) + (1—4) is equal to (4—9). There is 
however one thing we have to check before we can accept these definitions 
- we have to check that if we replace one of the integers by an equal 
integer, that the sum or product does not change. For instance, (3——5) 
is equal to (2—4), so (35) + (1—4) ought to have the same value as 
(2—4) + (1—4), otherwise this would not give a consistent definition 
of addition. Fortunately, this is the case: 


Lemma 4.1.3 (Addition and multiplication are well-defined). Let 
a, b,a’,b',c,d be natural numbers. If (a—b) = (a’—0’), then (a—b) + 
(c—d) = (a’—b’) + (c—d) and (a—b) x (c—d) = (a'—0’) x (c—d), 
and also (e—d) + (a—b) = (c—d) + (a’—0') and (c—d) x (a—b) = 
(c—d) x (a’—0'). Thus addition and multiplication are well-defined 
operations (equal inputs give equal outputs). 


Proof. To prove that (a—b) + (c—d) = (a’—b’) + (c—d), we evaluate 
both sides as (a + c)——(b+ d) and (a’ +c)—(b’ +d). Thus we need to 
show that a+c+b'+d=a'+c+b+d. But since (a—b) = (a’—0’), we 
have a+b! = a’ +b, and so by adding c+ d to both sides we obtain the 
claim. Now we show that (a—b) x (c—d) = (a’—0’) x (c—d). Both 
sides evaluate to (ac + bd)—(ad + bc) and (a’'c + b’'d)—(a'd + Uc), so 
we have to show that ac+bd+a’'d+0'c=a'c+b'd+ad+bc. But the 
left-hand side factors as c(a + b’) + d(a’ + b), while the right factors as 
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c(a’ + b) + d(a +0’). Since a+b! = a’ + b, the two sides are equal. The 
other two identities are proven similarly. 


The integers n——0 behave in the same way as the natural numbers 
n; indeed one can check that (n—0) + (m—0) = (n + m)—O and 
(n—0) x (m—0) = nm—0. Furthermore, (n—0) is equal to (m—O) 
if and only ifn = m. (The mathematical term for this is that there is an 
isomorphism between the natural numbers n and those integers of the 
form n—0.) Thus we may identify the natural numbers with integers 
by setting n = n—0; this does not affect our definitions of addition or 
multiplication or equality since they are consistent with each other. For 
instance the natural number 3 is now considered to be the same as the 
integer 3—0, thus 3 = 3—_0. In particular 0 is equal to 0——0 and 1 is 
equal to 1—0. Of course, if we set n equal to n—0, then it will also 
be equal to any other integer which is equal to n——0, for instance 3 is 
equal not only to 3—0, but also to 4—1, 5——2, etc. 

We can now define incrementation on the integers by defining ++ := 
x +1 for any integer x; this is of course consistent with our definition of 
the increment operation for natural numbers. However, this is no longer 
an important operation for us, as it has been now superceded by the 
more general notion of addition. 

Now we consider some other basic operations on the integers. 


Definition 4.1.4 (Negation of integers). If (a—b) is an integer, we 
define the negation —(a—b) to be the integer (b—a). In particular 
if n = n—0 is a positive natural number, we can define its negation 
—n = 0—n. 


For instance —(3——5) = (5——3). One can check this definition is 
well-defined (Exercise 4.1.2). 

We can now show that the integers correspond exactly to what we 
expect. 


Lemma 4.1.5 (Trichotomy of integers). Let x be an integer. Then 
exactly one of the following three statements is true: (a) x is zero; (b) 
x is equal to a positive natural number n; or (c) x is the negation —n 
of a positive natural number n. 


Proof. We first show that at least one of (a), (b), (c) is true. By defi- 
nition, c = a—b for some natural numbers a, b. We have three cases: 
a>b,a=b,ora<b. Ifa>bthen a= 6+ c for some positive natural 
number c, which means that a—b = c—0 = ¢, which is (b). If a = 8, 


78 4. Integers and rationals 


then a—b = a—a = 0—0 = 0, which is (a). If a < b, then 6 > a, so 
that b—a = n for some natural number n by the previous reasoning, 
and thus a—b = —n, which is (c). 

Now we show that no more than one of (a), (b), (c) can hold at a 
time. By definition, a positive natural number is non-zero, so (a) and 
(b) cannot simultaneously be true. If (a) and (c) were simultaneously 


true, then 0 = —n for some positive natural n; thus (0——0) = (0—n), 
so that 0-+n = 0+0, so that n = 0, a contradiction. If (b) and (c) 
were simultaneously true, then n = —m for some positive n,m, so that 


(n—0) = (O—m), so that n+m = 0+0, which contradicts Proposition 
2.2.8. Thus exactly one of (a), (b), (c) is true for any integer x. 


If n is a positive natural number, we call —n a negative integer. 
Thus every integer is positive, zero, or negative, but not more than one 
of these at a time. 

One could well ask why we don’t use Lemma 4.1.5 to define the in- 
tegers; i.e., why didn’t we just say an integer is anything which is either 
a positive natural number, zero, or the negative of a natural number. 
The reason is that if we did so, the rules for adding and multiplying 
integers would split into many different cases (e.g., negative times pos- 
itive equals positive; negative plus positive is either negative, positive, 
or zero, depending on which term is larger, etc.) and to verify all the 
properties would end up being much messier. 

We now summarize the algebraic properties of the integers. 


Proposition 4.1.6 (Laws of algebra for integers). Let x, y, z be integers. 
Then we have 


e(yt+2z)=ay+ xz 


(y+z)x = yrs 2a. 


Remark 4.1.7. The above set of nine identities have a name; they are 
asserting that the integers form a commutative ring. (If one deleted the 
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identity xy = yx, then they would only assert that the integers form a 
ring). Note that some of these identities were already proven for the 
natural numbers, but this does not automatically mean that they also 
hold for the integers because the integers are a larger set than the natural 
numbers. On the other hand, this proposition supercedes many of the 
propositions derived earlier for natural numbers. 


Proof. There are two ways to prove these identities. One is to use 
Lemma 4.1.5 and split into a lot of cases depending on whether 2, y, z 
are zero, positive, or negative. This becomes very messy. A shorter 
way is to write x = (a—b), y = (c—d), and z = (e—ff) for some 
natural numbers a,b,c,d,e, f, and expand these identities in terms of 
a,b,c,d,e, f and use the algebra of the natural numbers. This allows 
each identity to be proven in a few lines. We shall just prove the longest 
one, namely (ry)z = x(yz): 


(xy)z = ((a—b)(c—d)) (e—f) 

= ((ac + bd)—(ad + bc)) (e—f) 

= ((ace + bde + adf + bcf)—(acf + bdf + ade + bce)) ; 
x«(yz) = (a—b) ((c—d)(e—f)) 

= (a—b) ((ce + df)—-(cf + de)) 

= ((ace + adf + bcf + bde)—(acf + ade + bce + bdf)) 


and so one can see that (xy)z and x(yz) are equal. The other identities 
are proven in a similar fashion; see Exercise 4.1.4. 


We now define the operation of subtraction x — y of two integers by 
the formula 


£-y:=ax2+(-y). 


We do not need to verify the substitution axiom for this operation, since 
we have defined subtraction in terms of two other operations on integers, 
namely addition and negation, and we have already verified that those 
operations are well-defined. 

One can easily check now that if a and b are natural numbers, then 


a—b=a+-—b= (a—0) + (0O—b) = a—, 


and so a—b is just the same thing as a — b. Because of this we can now 
discard the — notation, and use the familiar operation of subtraction 
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instead. (As remarked before, we could not use subtraction immediately 
because it would be circular.) 

We can now generalize Lemma 2.3.3 and Corollary 2.3.7 from the 
natural numbers to the integers: 


Proposition 4.1.8 (Integers have no zero divisors). Let a and b be 
integers such that ab =0. Then either a =0 or b=0 (or both). 


Proof. See Exercise 4.1.5. 


Corollary 4.1.9 (Cancellation law for integers). If a, b, c are integers 
such that ac = bc and c is non-zero, then a = b. 


Proof. See Exercise 4.1.6. 


We now extend the notion of order, which was defined on the natural 
numbers, to the integers by repeating the definition verbatim: 


Definition 4.1.10 (Ordering of the integers). Let n and m be integers. 
We say that n is greater than or equal to m, and writen > m orm <n, 
iff we have n = m+ a for some natural number a. We say that n is 
strictly greater than m, and write n > m or m <n, iff n > m and 
nAém. 


Thus for instance 5 > —3, because 5 = —3+ 8 and 5 ¥ —3. Clearly 
this definition is consistent with the notion of order on the natural num- 
bers, since we are using the same definition. 

Using the laws of algebra in Proposition 4.1.6 it is not hard to show 
the following properties of order: 


Lemma 4.1.11 (Properties of order). Let a,b,c be integers. 
(a) a> b if and only if a — b is a positive natural number. 
(b) (Addition preserves order) Ifa >b, theena+c>b+e. 


(c) (Positive multiplication preserves order) Ifa > b and c is positive, 
then ac > be. 


(d) (Negation reverses order) If a > b, then —a < —b. 


(e) (Order is transitive) Ifa >b andb>c, thena>c. 
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(f) (Order trichotomy) Exactly one of the statements a > b, a < b, or 
a= 6 is true. 


Proof. See Exercise 4.1.7. 


— Exercises — 


Exercise 4.1.1. Verify that the definition of equality on the integers is both 
reflexive and symmetric. 


Exercise 4.1.2. Show that the definition of negation on the integers is well- 
defined in the sense that if (a—b) = (a’—0’), then —(a—b) = —(a’—’) (so 
equal integers have equal negations). 


Exercise 4.1.3. Show that (—1) x a = —a for every integer a. 


Exercise 4.1.4. Prove the remaining identities in Proposition 4.1.6. (Hint: one 
can save some work by using some identities to prove others. For instance, 
once you know that xy = yx, you get for free that «1 = 1x, and once you also 
prove «(y+ z) = a#y4+ xz, you automatically get (y+ z)a = yx + za for free.) 


Exercise 4.1.5. Prove Proposition 4.1.8. (Hint: while this proposition is not 
quite the same as Lemma 2.3.3, it is certainly legitimate to use Lemma 2.3.3 
in the course of proving Proposition 4.1.8.) 


Exercise 4.1.6. Prove Corollary 4.1.9. (Hint: there are two ways to do this. 
One is to use Proposition 4.1.8 to conclude that a — b must be zero. Another 
way is to combine Corollary 2.3.7 with Lemma 4.1.5.) 


Exercise 4.1.7. Prove Lemma 4.1.11. (Hint: use the first part of this lemma to 
prove all the others.) 


Exercise 4.1.8. Show that the principle of induction (Axiom 2.5) does not 
apply directly to the integers. More precisely, give an example of a property 
P(n) pertaining to an integer n such that P(0) is true, and that P(n) implies 
P(n++) for all integers n, but that P(n) is not true for all integers n. Thus 
induction is not as useful a tool for dealing with the integers as it is with the 
natural numbers. (The situation becomes even worse with the rational and real 
numbers, which we shall define shortly.) 


4.2 The rationals 


We have now constructed the integers, with the operations of addition, 
subtraction, multiplication, and order and verified all the expected alge- 
braic and order-theoretic properties. Now we will use a similar construc- 
tion to build the rationals, adding division to our mix of operations. 
Just like the integers were constructed by subtracting two natural 
numbers, the rationals can be constructed by dividing two integers, 
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though of course we have to make the usual caveat that the denomi- 
nator should be non-zero”. Of course, just as two differences a — b and 
c—d can be equal if a+ d = c+, we know (from more advanced know]l- 
edge) that two quotients a/b and c/d can be equal if ad = bc. Thus, 
in analogy with the integers, we create a new meaningless symbol // 
(which will eventually be superceded by division), and define 


Definition 4.2.1. A rational number is an expression of the form a//b, 
where a and 0 are integers and 6 is non-zero; a//0 is not considered to 
be a rational number. Two rational numbers are considered to be equal, 
a//b = c//d, if and only if ad = cb. The set of all rational numbers is 
denoted Q. 


Thus for instance 3//4 = 6//8 = —3// — 4, but 3//4 4 4//3. This 
is a valid definition of equality (Exercise 4.2.1). Now we need a notion 
of addition, multiplication, and negation. Again, we will take advantage 
of our pre-existing knowledge, which tells us that a/b+c/d should equal 
(ad+ bc) /(bd) and that a/b*c/d should equal ac/bd, while —(a/b) equals 
(—a)/b. Motivated by this foreknowledge, we define 


Definition 4.2.2. If a//b and c//d are rational numbers, we define their 
sum 


(a//b) + (c//d) := (ad + be) //(bd) 
their product 
(a//b) * (c//d) := (ac)//(bd) 
and the negation 


—(a//b) == (—a)//b. 


Note that if 6 and d are non-zero, then bd is also non-zero, by Propo- 
sition 4.1.8, so the sum or product of two rational numbers remains a 
rational number. 


Lemma 4.2.3. The sum, product, and negation operations on rational 
numbers are well-defined, in the sense that if one replaces a//b with 
another rational number a’//b! which is equal to a//b, then the output 
of the above operations remains unchanged, and similarly for c//d. 


?There is no reasonable way we can divide by zero, since one cannot have both 
the identities (a/b) xb = a and cx0 = 0 hold simultaneously if b is allowed to be zero. 
However, we can eventually get a reasonable notion of dividing by a quantity which 
approaches zero - think of L’H6pital’s rule (see Section 10.5), which suffices for doing 
things like defining differentiation. 
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Proof. We just verify this for addition; we leave the remaining claims 
to Exercise 4.2.2. Suppose a//b = a’//b’, so that b and b’ are non-zero 
and ab’ = a’b. We now show that a//b+c//d = a'//b' + c//d. By 
definition, the left-hand side is (ad + bc)//bd and the right-hand side is 
(a'd + b’c)//b'd, so we have to show that 


(ad + be)b'd = (a'd + U'c)bd, 
which expands to 
ab'd? + bb'cd = a'bd? + bb'cd. 


But since ab! = a’b, the claim follows. Similarly if one replaces c//d by 
Cfid. 


We note that the rational numbers a//1 behave in a manner identical 
to the integers a: 


(a//1) + (0//1) = (a + b)//1; 
(a//1) x (b//1) = (ab//1); 
—(a//1) = (—a)//1. 


Also, a//1 and b//1 are only equal when a and 6 are equal. Because of 
this, we will identify a with a//1 for each integer a: a = a//1; the above 
identities then guarantee that the arithmetic of the integers is consis- 
tent with the arithmetic of the rationals. Thus just as we embedded 
the natural numbers inside the integers, we embed the integers inside 
the rational numbers. In particular, all natural numbers are rational 
numbers, for instance 0 is equal to 0//1 and 1 is equal to 1//1. 

Observe that a rational number a//b is equal to 0 = 0//1 if and only 
ifax1=06-~x 0, ie., if the numerator a is equal to 0. Thus if a and b 
are non-zero then so is a//b. 

We now define a new operation on the rationals: reciprocal. If « = 
a//b is a non-zero rational (so that a,b A 0) then we define the reciprocal 
x of x to be the rational number x~! := b//a. It is easy to check that 
this operation is consistent with our notion of equality: if two rational 
numbers a//b, a’//b’ are equal, then their reciprocals are also equal. 
(In contrast, an operation such as “numerator” is not well-defined: the 
rationals 3//4 and 6//8 are equal, but have unequal numerators, so we 
have to be careful when referring to such terms as “the numerator of 
x”.) We however leave the reciprocal of 0 undefined. 
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We now summarize the algebraic properties of the rationals. 


Proposition 4.2.4 (Laws of algebra for rationals). Let x,y,z be ratio- 
nals. Then the following laws of algebra hold: 


t(y+z)=ary4+ nz 


(y+z)x = yrt 2a. 


If x is non-zero, we also have 


1 


vx t=! 


T=" 


Remark 4.2.5. The above set of ten identities have a name; they are 
asserting that the rationals Q form a field. This is better than being a 
commutative ring because of the tenth identity cz~! = a~!x = 1. Note 
that this proposition supercedes Proposition 4.1.6. 


Proof. To prove this identity, one writes x = a//b, y = c//d, z = e//f 
for some integers a,c,e and non-zero integers b,d, f, and verifies each 
identity in turn using the algebra of the integers. We shall just prove 
the longest one, namely (x+y) +2=a+(y+z): 


(a//b) + (c//d)) + (e//f) 
ad + bc)//bd) + (e//f) 
adf + bef + bde)//bdf; 
a//b) + ((c//d) + (e//f)) 
a//b) + ((cf + de)//df) 
adf + bef + bde)//bdf 


(gt+y)+z2= 


Ee ee) = 


ee ee 


and so one can see that (a + y) + z and «+ (y+ z) are equal. The 
other identities are proven in a similar fashion and are left to Exercise 
4.2.3. 
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We can now define the quotient x/y of two rational numbers x and 
y, provided that y is non-zero, by the formula 


t/y:=axyt. 


Thus, for instance 


(3//4)/(5//6) = (3//4) x (6//5) = (18//20) = (9//10). 


Using this formula, it is easy to see that a/b = a//b for every integer a 
and every non-zero integer b. Thus we can now discard the // notation, 
and use the more customary a/b instead of a//b. 

In a similar spirit, we define subtraction on the rationals by the 
formula 


t—yi=a+(—y), 


just as we did with the integers. 

Proposition 4.2.4 allows us to use all the normal rules of algebra; we 
will now proceed to do so without further comment. 

In the previous section we organized the integers into positive, zero, 
and negative numbers. We now do the same for the rationals. 


Definition 4.2.6. A rational number z is said to be positive iff we have 
x = a/b for some positive integers a and b. It is said to be negative iff 
we have x = —y for some positive rational y (i.e., c = (—a)/b for some 
positive integers a and b). 


Thus for instance, every positive integer is a positive rational num- 
ber, and every negative integer is a negative rational number, so our 
new definition is consistent with our old one. 


Lemma 4.2.7 (Trichotomy of rationals). Let x be a rational number. 
Then exactly one of the following three statements is true: (a) x is equal 
to 0. (b) x is a positive rational number. (c) x is a negative rational 
number. 


Proof. See Exercise 4.2.4. 


Definition 4.2.8 (Ordering of the rationals). Let x and y be rational 
numbers. We say that x > y iff x — y is a positive rational number, and 
x<y iff x — y is a negative rational number. We write x > y iff either 
x>yorx=y, and similarly define x < y. 
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Proposition 4.2.9 (Basic properties of order on the rationals). Let 
x,y,z be rational numbers. Then the following properties hold. 


(a) (Order trichotomy) Exactly one of the three statements x = y, 
r<y,orxz>y is true. 

b) (Order is anti-symmetric) One has x < y if and only ify > x. 

c 


d 


(Order is transitive) Ifx<y andy < z, thena < z. 


(b) 
(¢) 
(d) (Addition preserves order) Ifx <y, thnu+z<ytz. 

(e) (Positive multiplication preserves order) If x < y and z is positive, 
then xz < yz. 


e 


Proof. See Exercise 4.2.5. 


Remark 4.2.10. The above five properties in Proposition 4.2.9, com- 
bined with the field axioms in Proposition 4.2.4, have a name: they 
assert that the rationals Q form an ordered field. It is important to 
keep in mind that Proposition 4.2.9(e) only works when z is positive, 
see Exercise 4.2.6. 


— Exercises — 
Exercise 4.2.1. Show that the definition of equality for the rational numbers 
is reflexive, symmetric, and transitive. (Hint: for transitivity, use Corollary 
4.1.9.) 
Exercise 4.2.2. Prove the remaining components of Lemma 4.2.3. 
Exercise 4.2.3. Prove the remaining components of Proposition 4.2.4. (Hint: 
as with Proposition 4.1.6, you can save some work by using some identities to 
prove others.) 
Exercise 4.2.4. Prove Lemma 4.2.7. (Note that, as in Proposition 2.2.13, you 
have to prove two different things: firstly, that at least one of (a), (b), (c) is 
true; and secondly, that at most one of (a), (b), (c) is true.) 
Exercise 4.2.5. Prove Proposition 4.2.9. 
Exercise 4.2.6. Show that if x, y, z are rational numbers such that x < y and 
z is negative, then xz > yz. 


4.3 Absolute value and exponentiation 


We have already introduced the four basic arithmetic operations of ad- 
dition, subtraction, multiplication, and division on the rationals. (Re- 
call that subtraction and division came from the more primitive no- 
tions of negation and reciprocal by the formulae x — y := x + (—y) and 
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x/y:= ax y!.) We also have a notion of order <, and have organized 
the rationals into the positive rationals, the negative rationals, and zero. 
In short, we have shown that the rationals Q form an ordered field. 

One can now use these basic operations to construct more opera- 
tions. There are many such operations we can construct, but we shall 
just introduce two particularly useful ones: absolute value and exponen- 
tiation. 


Definition 4.3.1 (Absolute value). If x is a rational number, the abso- 
lute value |x| of x is defined as follows. If x is positive, then |x| := x. If 
x is negative, then |x| := —z2. If x is zero, then |z| := 0. 


Definition 4.3.2 (Distance). Let x and y be rational numbers. The 
quantity |x — y| is called the distance between x and y and is sometimes 
denoted d(x, y), thus d(x, y) := |x — y|. For instance, d(3,5) = 2. 


Proposition 4.3.3 (Basic properties of absolute value and distance). 
Let x,y,z be rational numbers. 


(a) (Non-degeneracy of absolute value) We have |x| > 0. Also, |x| = 0 
if and only if x is 0. 


(b) (Triangle inequality for absolute value) We have |a+y| < |x| +|y|. 


(c) We have the inequalities —y < x < y if and only if y => |x|. In 
particular, we have —|z| < x < |a|. 


(d) (Multiplicativity of absolute value) We have |xy| = |x| |y|. In 
particular, | — x| = |a|. 


(e) (Non-degeneracy of distance) We have d(x, y) > 0. Also, d(x, y) = 
0 if and only if x = y. 


(f) (Symmetry of distance) d(x, y) = d(y, x). 


(g) (Triangle inequality for distance) d(x, z) < d(x,y) + d(y, z). 


Proof. See Exercise 4.3.1. 


Absolute value is useful for measuring how “close” two numbers are. 
Let us make a somewhat artificial definition: 


Definition 4.3.4 (¢-closeness). Let ¢ > 0 be a rational number, and 
let x,y be rational numbers. We say that y is e-close to x iff we have 
d(y,@) Se. 
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Remark 4.3.5. This definition is not standard in mathematics text- 
books; we will use it as “scaffolding” to construct the more important 
notions of limits (and of Cauchy sequences) later on, and once we have 
those more advanced notions we will discard the notion of ¢-close. 


Examples 4.3.6. The numbers 0.99 and 1.01 are 0.1-close, but they 
are not 0.01 close, because d(0.99, 1.01) = |0.99 — 1.01] = 0.02 is larger 
than 0.01. The numbers 2 and 2 are e-close for every positive e. 


We do not bother defining a notion of e-close when ¢ is zero or 
negative, because if € is zero then x and y are only e-close when they are 
equal, and when ¢ is negative then x and y are never e-close. (In any 
event it is a long-standing tradition in analysis that the Greek letters ¢, 
6 should only denote small positive numbers. ) 

Some basic properties of ¢-closeness are the following. 


Proposition 4.3.7. Let x,y, z,w be rational numbers. 


(a) Ifa =y, then x is e-close to y for every € > 0. Conversely, if x 
is €-close to y for every € > 0, then we have x = y. 


(b) Lete > 0. If x is e-close to y, then y is €-close to x. 


(c) Lete,d >0. If x is e-close to y, and y is 6-close to z, then x and 
z are (e+ 6)-close. 


(d) Lete,d >0. Ifx and y are €-close, and z and w are 6-close, then 
x+z and y+w are (¢+4)-close, and x — z and y — w are also 
(c + 6)-close. 


(e) Lete > 0. If x and y are e-close, they are also e'-close for every 
/ 
E> €. 


(f) Lete >0. Ify and z are both e-close to x, and w is between y and 
z(ie,y<w<zorz<w<y), then w is also €-close to x. 


(g) Lete > 0. Ifx andy are €-close, and z is non-zero, then xz and 
yz are €|z|-close. 


(h) Lete,d >0. Ifx and y are e-close, and z and w are 6-close, then 
xz and yw are (e|z| + 6|xz| + €6)-close. 


Proof. We only prove the most difficult one, (h); we leave (a)-(g) to 
Exercise 4.3.2. Let ¢,d > 0, and suppose that x and y are e-close. If we 
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write a := y— 2, then we have y = x +a and that |a| < ¢. Similarly, if z 
and w are d-close, and we define b := w — z, then w = z +6 and |b| < 6. 
Since y= x2+a and w=z-+b, we have 


yw = («+ a)(z+6) =a2z+az+2b+4+ ab. 
Thus 
lyw — xz| = jaz + bx +. ab] < |az| + |bx| + |ab| = Jal|z| + |b] |x| + Jad]. 
Since |a| < € and |b| < 6, we thus have 


lyw — x2z| < elz| + d|a| +66 


and thus that yw and xz are (e|z| + 6|2| + €0)-close. 


Remark 4.3.8. One should compare statements (a)-(c) of this propo- 
sition with the reflexive, symmetric, and transitive axioms of equality. 
It is often useful to think of the notion of “e-close” as an approximate 
substitute for that of equality in analysis. 


Now we recursively define exponentiation for natural number expo- 
nents, extending the previous definition in Definition 2.3.11. 


Definition 4.3.9 (Exponentiation to a natural number). Let x be a 


rational number. To raise x to the power 0, we define 2? := 1; in 


particular we define 0° := 1. Now suppose inductively that x” has been 
defined for some natural number n, then we define 2+! := x2” x x. 


Proposition 4.3.10 (Properties of exponentiation, I). Let x,y be ra- 
tional numbers, and let n,m be natural numbers. 


(a) Wekhavea”’s”™ =a" (a? =a", and (cy) = ay 
(b) Supposen > 0. Then we have x" = 0 if and only if x = 0. 


(ce) Pa >y > 0, then a> y" > 0. ae>y] 0 and n> 0; then 
xz" >y">0. 


(d) We have |x"| = |x|”. 


Proof. See Exercise 4.3.3. 


Now we define exponentiation for negative integer exponents. 
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Definition 4.3.11 (Exponentiation to a negative number). Let x be a 
non-zero rational number. Then for any negative integer —n, we define 
ge fae 


Thus for instance x~? = 1/x° = 1/(x x x x x). We now have x” 
defined for any integer n, whether n is positive, negative, or zero. Ex- 
ponentiation with integer exponents has the following properties (which 
supercede Proposition 4.3.10): 


Proposition 4.3.12 (Properties of exponentiation, II). Let x,y be non- 
zero rational numbers, and let n,m be integers. 


(a) We have as” =o", (2°) ja", and (zy) = ay". 


(b) Ifx>y>0, then x” > y" > 0 if n is positive, and 0 < 2” < y” 
if n is negative. 


(ce) df ay > 0; nee: Gnd 2" Sy" then ae =e 
(d) We have |x"| = |a|”. 
Proof. See Exercise 4.3.4. 


— Exercises — 
Exercise 4.3.1. Prove Proposition 4.3.3. (Hint: while all of these claims can 
be proven by dividing into cases, such as when zx is positive, negative, or zero, 
several parts of the proposition can be proven without such a tedious division 
into cases. For instance one can use earlier parts of the proposition to prove 
later ones.) 
Exercise 4.3.2. Prove the remaining claims in Proposition 4.3.7. 
Exercise 4.3.3. Prove Proposition 4.3.10. (Hint: use induction.) 
Exercise 4.3.4. Prove Proposition 4.3.12. (Hint: induction is not suitable here. 
Instead, use Proposition 4.3.10.) 
Exercise 4.3.5. Prove that 2% > N for all positive integers N. (Hint: use 
induction.) 


4.4 Gaps in the rational numbers 


Imagine that we arrange the rationals on a line, arranging x to the right 
of y if x > y. (This is a non-rigorous arrangement, since we have not 
yet defined the concept of a line, but this discussion is only intended 
to motivate the more rigorous propositions below.) Inside the rationals 
we have the integers, which are thus also arranged on the line. Now we 
work out how the rationals are arranged with respect to the integers. 
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Proposition 4.4.1 (Interspersing of integers by rationals). Let x be a 
rational number. Then there exists an integer n such thatn <a <nt+l. 
In fact, this integer is unique (i.e., for each x there is only one n for 
whichn <a <n+1). In particular, there exists a natural number N 
such that N > x (i.e., there is no such thing as a rational number which 
is larger than all the natural numbers). 


Remark 4.4.2. The integer n for which n < x < n+ 1 is sometimes 
referred to as the integer part of x and is sometimes denoted n = |x]. 


Proof. See Exercise 4.4.1. 


Also, between every two rational numbers there is at least one addi- 
tional rational: 


Proposition 4.4.3 (Interspersing of rationals by rationals). If x and 
y are two rationals such that x < y, then there exists a third rational z 
such thata<z<y. 


Proof. We set z := (a + y)/2. Since x < y, and 1/2 = 1//2 is positive, 
we have from Proposition 4.2.9 that x/2 < y/2. If we add y/2 to both 
sides using Proposition 4.2.9 we obtain 7/2+y/2 < y/2+y/2, ie. 2 < y. 
If we instead add x/2 to both sides we obtain 2/2 + 2/2 < y/24+ 2/2, 
ie., o<z. Thus # < z < y as desired. 


Despite the rationals having this denseness property, they are still 
incomplete; there are still an infinite number of “gaps” or “holes” be- 
tween the rationals, although this denseness property does ensure that 
these holes are in some sense infinitely small. For instance, we will now 
show that the rational numbers do not contain any square root of two. 


Proposition 4.4.4. There does not exist any rational number x for 
which x? = 2. 


Proof. We only give a sketch of a proof; the gaps will be filled in Exercise 
4.4.3. Suppose for sake of contradiction that we had a rational number 
x for which 2? = 2. Clearly x is not zero. We may assume that z is 
positive, for if z were negative then we could just replace x by —x (since 
x* = (—2x)*). Thus x = p/q for some positive integers p, q, so (p/q)? = 2, 
which we can rearrange as p? = 2q?. Define a natural number p to be 
even if p = 2k for some natural number k, and odd if p = 2k+1 for some 
natural number &. Every natural number is either even or odd, but not 
both (why?). If p is odd, then p? is also odd (why?), which contradicts 
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p* = 2q*. Thus p is even, i.e., p = 2k for some natural number k. Since 
p is positive, k must also be positive. Inserting p = 2k into p? = 2q? we 
obtain 4k? = 2q?, so that q? = 2k?. 

To summarize, we started with a pair (p,q) of positive integers such 
that p? = 2q?, and ended up with a pair (q,k) of positive integers such 
that q? = 2k?. Since p? = 2q?, we have q < p (why?). If we rewrite 
p' := q and qd := k, we thus can pass from one solution (p,q) to the 
equation p? = 2q? to a new solution (p’,q’) to the same equation which 
has a smaller value of p. But then we can repeat this procedure again 
and again, obtaining a sequence (p”,q"), (p,q), etc. of solutions to 
p* = 2q?, each one with a smaller value of p than the previous, and each 
one consisting of positive integers. But this contradicts the principle of 
infinite descent (see Exercise 4.4.2). This contradiction shows that we 
could not have had a rational x for which x? = 2. 


On the other hand, we can get rational numbers which are arbitrarily 
close to a square root of 2: 


Proposition 4.4.5. For every rational number ¢ > 0, there exists a 
non-negative rational number x such that x? <2 < (x+e)?. 


Proof. Let € > 0 be rational. Suppose for sake of contradiction that 
there is no non-negative rational number x for which x? < 2 < (a+e)?. 
This means that whenever x is non-negative and x? < 2, we must also 
have (x + €)? < 2 (note that (x + ¢)? cannot equal 2, by Proposition 
4.4.4). Since 0? < 2, we thus have e? < 2, which then implies (2¢)? < 2, 
and indeed a simple induction shows that (ne)? < 2 for every natural 
number n. (Note that ne is non-negative for every natural number n 
- why?) But, by Proposition 4.4.1 we can find an integer n such that 
n > 2/e, which implies that ne > 2, which implies that (ne)? > 4 > 2, 
contradicting the claim that (ne)? < 2 for all natural numbers n. This 
contradiction gives the proof. 


Example 4.4.6. If? ¢ = 0.001, we can take 2 = 1.414, since 2? = 
1.999396 and (x + €)? = 2.002225. 


Proposition 4.4.5 indicates that, while the set Q of rationals does 
not actually have /2 as a member, we can get as close as we wish to 


3We will use the decimal system for defining terminating decimals, for instance 
1.414 is defined to equal the rational number 1414/1000. We defer the formal discus- 
sion on the decimal system to an Appendix (§B). 
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/2. For instance, the sequence of rationals 
1.4, 1.41, 1.414, 1.4142, 1.41421,... 
seem to get closer and closer to V2, as their squares indicate: 
1.96, 1.9881, 1.99396, 1.99996164, 1.9999899241,... 


Thus it seems that we can create a square root of 2 by taking a “limit” of 
a sequence of rationals. This is how we shall construct the real numbers 
in the next chapter. (There is another way to do so, using something 
called “Dedekind cuts”, which we will not pursue here. One can also 
proceed using infinite decimal expansions, but there are some sticky 
issues when doing so, e.g., one has to make 0.999... equal to 1.000..., 
and this approach, despite being the most familiar, is actually more 
complicated than other approaches; see the Appendix 8B.) 


— Exercises — 
Exercise 4.4.1. Prove Proposition 4.4.1. (Hint: use Proposition 2.3.9.) 


Exercise 4.4.2. A definition: a sequence do, a1, d2,... of numbers (natural num- 
bers, integers, rationals, or reals) is said to be in infinite descent if we have 
Gy > Qn+1 for all natural numbers n (i.e., dg > a, > a2 >...). 


(a) Prove the principle of infinite descent: that it is not possible to have a 
sequence of natural numbers which is in infinite descent. (Hint: assume 
for sake of contradiction that you can find a sequence of natural numbers 
which is in infinite descent. Since all the a, are natural numbers, you 
know that a, > 0 for all n. Now use induction to show in fact that 
Gy, > k for all k € N and all n € N, and obtain a contradiction.) 


(b) Does the principle of infinite descent work if the sequence a1, a2, a3,... 
is allowed to take integer values instead of natural number values? What 
about if it is allowed to take positive rational values instead of natural 
numbers? Explain. 


Exercise 4.4.3. Fill in the gaps marked (why?) in the proof of Proposition 
4.4.4, 


Chapter 5 


The real numbers 


To review our progress to date, we have rigorously constructed three fun- 
damental number systems: the natural number system N, the integers 
Z, and the rationals Q!. We defined the natural numbers using the five 
Peano axioms, and postulated that such a number system existed; this 
is plausible, since the natural numbers correspond to the very intuitive 
and fundamental notion of sequential counting. Using that number sys- 
tem one could then recursively define addition and multiplication, and 
verify that they obeyed the usual laws of algebra. We then constructed 
the integers by taking formal? differences of the natural numbers, a—b. 
We then constructed the rationals by taking formal quotients of the 
integers, a//b, although we need to exclude division by zero in order 
to keep the laws of algebra reasonable. (You are of course free to de- 
sign your own number system, possibly including one where division 
by zero is permitted; but you will have to give up one or more of the 
field axioms from Proposition 4.2.4, among other things, and you will 
probably get a less useful number system in which to do any real-world 
problems. ) 

The rational system is already sufficient to do a lot of mathematics - 
much of high school algebra, for instance, works just fine if one only 


'The symbols N, Q, and R stand for “natural”, “quotient”, and “real” respec- 
tively. Z stands for “Zahlen”, the German word for number. There is also the complex 
numbers C, which obviously stands for “complex”. 

2 Formal means “having the form of”; at the beginning of our construction the 
expression a—b did not actually mean the difference a — b, since the symbol — was 
meaningless. It only had the form of a difference. Later on we defined subtraction 
and verified that the formal difference was equal to the actual difference, so this 
eventually became a non-issue, and our symbol for formal differencing was discarded. 
Somewhat confusingly, this use of the term “formal” is unrelated to the notions of a 
formal argument and an informal argument. 
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knows about the rationals. However, there is a fundamental area of 
mathematics where the rational number system does not suffice - that of 
geometry (the study of lengths, areas, etc.). For instance, a right-angled 
triangle with both sides equal to 1 gives a hypotenuse of V2, which 
is an irrational number, i.e., not a rational number; see Proposition 
4.4.4. Things get even worse when one starts to deal with the sub-field 
of geometry known as trigonometry, when one sees numbers such as 7 
or cos(1), which turn out to be in some sense “even more” irrational 
than V2. (These numbers are known as transcendental numbers, but to 
discuss this further would be far beyond the scope of this text.) Thus, in 
order to have a number system which can adequately describe geometry 
- or even something as simple as measuring lengths on a line - one needs 
to replace the rational number system with the real number system. 
Since differential and integral calculus is also intimately tied up with 
geometry - think of slopes of tangents, or areas under a curve - calculus 
also requires the real number system in order to function properly. 

However, a rigorous way to construct the reals from the rationals 
turns out to be somewhat difficult - requiring a bit more machinery 
than what was needed to pass from the naturals to the integers, or the 
integers to the rationals. In those two constructions, the task was to 
introduce one more algebraic operation to the number system - e.g., one 
can get integers from naturals by introducing subtraction, and get the 
rationals from the integers by introducing division. But to get the reals 
from the rationals is to pass from a “discrete” system to a “continuous” 
one, and requires the introduction of a somewhat different notion - that 
of a limit. The limit is a concept which on one level is quite intuitive, but 
to pin down rigorously turns out to be quite difficult. (Even such great 
mathematicians as Euler and Newton had difficulty with this concept. It 
was only in the nineteenth century that mathematicians such as Cauchy 
and Dedekind figured out how to deal with limits rigorously.) 

In Section 4.4 we explored the “gaps” in the rational numbers; now 
we shall fill in these gaps using limits to create the real numbers. The 
real number system will end up being a lot like the rational numbers, but 
will have some new operations - notably that of supremum, which can 
then be used to define limits and thence to everything else that calculus 
needs. 

The procedure we give here of obtaining the real numbers as the 
limit of sequences of rational numbers may seem rather complicated. 
However, it is in fact an instance of a very general and useful procedure, 
that of completing one metric space to form another; see Exercise 11.6.8. 
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5.1 Cauchy sequences 


Our construction of the real numbers shall rely on the concept of a 
Cauchy sequence. Before we define this notion formally, let us first 
define the concept of a sequence. 


Definition 5.1.1 (Sequences). Let m be an integer. A sequence 
(An)rm of rational numbers is any function from the set {n € Z:n> 
m} to Q, i.e., a mapping which assigns to each integer n greater than or 
equal to m, a rational number a,,. More informally, a sequence (a,,)°—,, 
of rational numbers is a collection of rationals am, @m41, Gm+2,--- 


Example 5.1.2. The sequence (n)°p9 is the collection 0, 1, 4, 9,... 
of natural numbers; the sequence (3)?°.4 is the collection 3, 3, 3,... of 
natural numbers. These sequences are indexed starting from 0, but we 
can of course make sequences starting from 1 or any other number; for 
instance, the sequence (a,)°°3 denotes the sequence a3, a4,a5,..., SO 


(n?)%_, is the collection 9,16, 25,... of natural numbers. 


We want to define the real numbers as the limits of sequences of 
rational numbers. To do so, we have to distinguish which sequences 
of rationals are convergent and which ones are not. For instance, the 


sequence 
1.4, 1.41, 1.414, 1.4142, 1.41421,... 


looks like it is trying to converge to something, as does 
0.1, 0.01, 0.001, 0.0001, ... 
while other sequences such as 
1,2,4,8, 16,... 


or 
Foes I 


do not. To do this we use the definition of e-closeness defined earlier. 
Recall from Definition 4.3.4 that two rational numbers x, y are e-close 
if d(z,y) = |x — yl <e. 


Definition 5.1.3 (e-steadiness). Let ¢ > 0. A sequence (an)? 9 is said 
to be e-steady iff each pair aj, az of sequence elements is e-close for 
every natural number j,k. In other words, the sequence ao, a1, a@2,... is 
e-steady iff d(a;,ax) < € for all j,k. 
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Remark 5.1.4. This definition is not standard in the literature; we will 
not need it outside of this section; similarly for the concept of “eventual 
e-steadiness” below. We have defined e-steadiness for sequences whose 
index starts at 0, but clearly we can make a similar notion for sequences 
whose indices start from any other number: a sequence an,@y+1,.-. is 
e-steady if one has d(aj,a,) < € for all j,k > N. 


Example 5.1.5. The sequence 1,0,1,0,1,... is l-steady, but is not 1/2- 
steady. The sequence 0.1, 0.01, 0.001, 0.0001,... is 0.1-steady, but is not 
0.01-steady (why?). The sequence 1, 2, 4, 8, 16,... is not ¢-steady for 
any € (why?). The sequence 2, 2,2,2,... is e-steady for every € > 0. 


The notion of ¢-steadiness of a sequence is simple, but does not really 
capture the limiting behavior of a sequence, because it is too sensitive 
to the initial members of the sequence. For instance, the sequence 


10,0,0,0,0,0,... 


is 10-steady, but is not e-steady for any smaller value of ¢, despite the 
sequence converging almost immediately to zero. So we need a more 
robust notion of steadiness that does not care about the initial members 
of a sequence. 


Definition 5.1.6 (Eventual e-steadiness). Let ¢ > 0. A se 
quence (a7)°29 is said to be eventually e-steady iff the sequence 
aNnN,QN+1,4N42,-.-. is e-steady for some natural number N > 0. In 
other words, the sequence ao, @1,a2,... is eventually e-steady iff there 
exists an N > 0 such that d(a;,a,) < € for all j,k > N. 


Example 5.1.7. The sequence a1, a2,... defined by a, := 1/n, (i-e., 
the sequence 1, 1/2,1/3,1/4,...) is not 0.1-steady, but is eventually 0.1- 
steady, because the sequence ajo, @11, @12,... (i-e., 1/10,1/11,1/12,...) 
is 0.1-steady. The sequence 10,0,0,0,0,... is not e-steady for any é less 
than 10, but it is eventually e-steady for every ¢ > 0 (why?). 


Now we can finally define the correct notion of what it means for a 
sequence of rationals to “want” to converge. 


Definition 5.1.8 (Cauchy sequences). A sequence (a7,)?29 of rational 
numbers is said to be a Cauchy sequence iff for every rational ¢ > 0, the 
sequence (d;,)?29 is eventually e-steady. In other words, the sequence 
ao, @1,@2,... is a Cauchy sequence iff for every ¢ > 0, there exists an 
N > 0 such that d(a;,a;,) < € for all j,k > N. 
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Remark 5.1.9. At present, the parameter ¢ is restricted to be a posi- 
tive rational; we cannot take € to be an arbitrary positive real number, 
because the real numbers have not yet been constructed. However, once 
we do construct the real numbers, we shall see that the above definition 
will not change if we require <€ to be real instead of rational (Proposi- 
tion 6.1.4). In other words, we will eventually prove that a sequence is 
eventually ¢-steady for every rational ¢ > 0 if and only if it is eventually 
e-steady for every real ¢ > 0; see Proposition 6.1.4. This rather subtle 
distinction between a rational ¢ and a real € turns out not to be very 
important in the long run, and the reader is advised not to pay too much 
attention as to what type of number ¢ should be. 


Example 5.1.10. (Informal) Consider the sequence 
1.4, 1.41, 1.414, 1.4142,... 


mentioned earlier. This sequence is already 1-steady. If one discards the 
first element 1.4, then the remaining sequence 


1.41, 1.414, 1.4142, ... 


is now 0.1-steady, which means that the original sequence was eventu- 
ally 0.1-steady. Discarding the next element gives the 0.01-steady se- 
quence 1.414, 1.4142,...; thus the original sequence was eventually 0.01- 
steady. Continuing in this way it seems plausible that this sequence is 
in fact e-steady for every € > 0, which seems to suggest that this is a 
Cauchy sequence. However, this discussion is not rigorous for several 
reasons, for instance we have not precisely defined what this sequence 
1.4,1.41,1.414,... really is. An example of a rigorous treatment follows 
next. 


Proposition 5.1.11. The sequence a1, a2,a3,... defined by ayn := 1/n 
(i.e., the sequence 1,1/2,1/3,...) is a Cauchy sequence. 


Proof. We have to show that for every ¢ > 0, the sequence aj, a2,... is 
eventually ¢-steady. So let ¢ > 0 be arbitrary. We now have to find a 
number N > 1 such that the sequence an, an41,... is e-steady. Let us 
see what this means. This means that d(a;,a,) < € for every j,k > N, 
i.e. 

|1/7 —1/k| < € for every j,k > N. 


Now since j,k > N, we know that 0 < 1/j,1/k < 1/N, so that |1/j — 
1/k| < 1/N. So in order to force |1/7 — 1/k| to be less than or equal to 
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€, it would be sufficient for 1/N to be less than ¢. So all we need to do 
is choose an N such that 1/N is less than ¢, or in other words that N is 
greater than 1/e. But this can be done thanks to Proposition 4.4.1. 


As you can see, verifying from first principles (i.e., without using any 
of the machinery of limits, etc.) that a sequence is a Cauchy sequence 
requires some effort, even for a sequence as simple as 1/n. The part 
about selecting an N can be particularly difficult for beginners - one has 
to think in reverse, working out what conditions on N would suffice to 
force the sequence any ,@n41,4N+2,.-. to be e-steady, and then finding 
an N which obeys those conditions. Later we will develop some limit 
laws which allow us to determine when a sequence is Cauchy more easily. 

We now relate the notion of a Cauchy sequence to another basic 
notion, that of a bounded sequence. 


Definition 5.1.12 (Bounded sequences). Let M > 0 be rational. A 
finite sequence a1, 4@2,...,@,, is bounded by M iff |a;| < M for all 1 < 
i <n. An infinite sequence (a,,)°°, is bounded by M iff |a;| <M for all 
i > 1. A sequence is said to be bounded iff it is bounded by M for some 
rational M > 0. 


Example 5.1.13. The finite sequence 1, —2,3,—4 is bounded (in this 
case, it is bounded by 4, or indeed by any M greater than or equal to 
4). But the infinite sequence 1, —2,3,—4,5, —6,... is unbounded. (Can 
you prove this? Use Proposition 4.4.1.) The sequence 1,—1,1,—1,... is 
bounded (e.g., by 1), but is not a Cauchy sequence. 


Lemma 5.1.14 (Finite sequences are bounded). Every finite sequence 
@1,42,..-,Qn is bounded. 


Proof. We prove this by induction on n. When n = 1 the sequence a, is 
clearly bounded, for if we choose M := |a;| then clearly we have |a;| < 
for all 1 <i <n. Now suppose that we have already proved the lemma 
for some n > 1; we now prove it for n+ 1, i.e., we prove every sequence 
@1,@2,..-,@n+1 is bounded. By the induction hypothesis we know that 
@1,42,...,@n is bounded by some M > 0; in particular, it must be 
bounded by M + |an4i|. On the other hand, an+1 is also bounded by 
M + |an41|. Thus a1, @2,...,@n,@n44 is bounded by M + |a,41|, and is 
hence bounded. This closes the induction. 


Note that while this argument shows that every finite sequence is 
bounded, no matter how long the finite sequence is, it does not say 
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anything about whether an infinite sequence is bounded or not; infinity 
is not a natural number. However, we have 


Lemma 5.1.15 (Cauchy sequences are bounded). Every Cauchy se- 
quence (an)°°, is bounded. 


Proof. See Exercise 5.1.1. 


— Exercises — 


Exercise 5.1.1. Prove Lemma 5.1.15. (Hint: use the fact that a, is eventually 
1-steady, and thus can be split into a finite sequence and a 1-steady sequence. 
Then use Lemma 5.1.14 for the finite part. Note there is nothing special about 
the number 1 used here; any other positive number would have sufficed.) 


5.2 Equivalent Cauchy sequences 


Consider the two Cauchy sequences of rational numbers: 
1.4, 1.41, 1.414, 1.4142, 1.41421,... 


and 
1.5, 1.42, 1.415, 1.4143, 1.41422, ... 


Informally, both of these sequences seem to be converging to the same 
number, the square root V2 = 1.41421... (though this statement is not 
yet rigorous because we have not defined real numbers yet). If we are to 
define the real numbers from the rationals as limits of Cauchy sequences, 
we have to know when two Cauchy sequences of rationals give the same 
limit, without first defining a real number (since that would be circular). 
To do this we use a similar set of definitions to those used to define a 
Cauchy sequence in the first place. 


Definition 5.2.1 (¢-close sequences). Let (an)?2.9 and (bn )?29 be two 
sequences, and let ¢ > 0. We say that the sequence (ap)? is e-close to 
(bn )°° 9 iff dn is e-close to b, for each n € N. In other words, the sequence 
a, @1,@2,... is €-close to the sequence bo, b1, b2,... iff jan — b,| < € for 
alln =0,1,2,.... 


Example 5.2.2. The two sequences 
1,-1,1,-1,1,... 


and 
eee Pee es ee 
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are 0.1-close to each other. (Note however that neither of them are 
0.1-steady). 


Definition 5.2.3 (Eventually e-close sequences). Let (an)?29 and 
(bn )°2.9 be two sequences, and let « > 0. We say that the sequence 
(an)P29 is eventually e-close to (bn)?2 iff there exists an N > 0 such 
that the sequences (a7)°° y and (b,)°° y are e-close. In other words, 
ao, @1,@2,... is eventually e-close to bo, bi, b2,... iff there exists an N > 0 
such that ja, — b6,| < ¢ for alln > N. 


Remark 5.2.4. Again, the notations for e-close sequences and eventu- 
ally e-close sequences are not standard in the literature, and we will not 
use them outside of this section. 


Example 5.2.5. The two sequences 
1.1, 1.01, 1.001, 1.0001,... 


and 
0.9, 0.99, 0.999, 0.9999,... 


are not 0.1-close (because the first elements of both sequences are not 
0.1-close to each other). However, the sequences are still eventually 
0.1-close, because if we start from the second elements onwards in the 
sequence, these sequences are 0.1-close. A similar argument shows that 
the two sequences are eventually 0.01-close (by starting from the third 
element onwards), and so forth. 


Definition 5.2.6 (Equivalent sequences). Two sequences (a,)?2.9 and 
(bn) > 9 are equivalent iff for each rational e > 0, the sequences (ap)?2.9 
and (bn)?2.9 are eventually ¢-close. In other words, ao, a1, a@2,... and 
bo, 61, b2,... are equivalent iff for every rational « > 0, there exists an 
N > 0 such that |an — bp| < € for alln > N. 


Remark 5.2.7. As with Definition 5.1.8, the quantity ¢ > 0 is currently 
restricted to be a positive rational, rather than a positive real. However, 
we shall eventually see that it makes no difference whether ¢ ranges over 
the positive rationals or positive reals; see Exercise 6.1.10. 


From Definition 5.2.6 it seems that the two sequences given in Ex- 
ample 5.2.5 appear to be equivalent. We now prove this rigorously. 


Proposition 5.2.8. Let (an)? and (bn)°2, be the sequences an = 
1+10-” and b, =1—10-". Then the sequences ay, by are equivalent. 
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Remark 5.2.9. This Proposition, in decimal notation, asserts that 
1.0000... = 0.9999 ...; see Proposition B.2.3. 


Proof. We need to prove that for every ¢ > 0, the two sequences (ap,)°°_4 
and (b,,)°°, are eventually e-close to each other. So we fix an ¢ > 0. 
We need to find an N > 0 such that (a,)°° y and (bn)?° a, are e-close; 
in other words, we need to find an N > 0 such that 


lan — by| < € for alln > N. 
However, we have 
lan, — bp| = |(1 + 10-*) — (1—10-)| =2 x 10. 


Since 10~” is a decreasing function of n (i.e., LO“ < 10~” whenever 
m > n; this is easily proven by induction), and n > N, we have 2 x 
10-" < 2x 10-%. Thus we have 


gH Dele x 10-% for alln > N. 


Thus in order to obtain |an — bp| < € for all n > N, it will be sufficient 
to choose N so that 2 x 10~% < «. This is easy to do using logarithms, 
but we have not yet developed logarithms yet, so we will use a cruder 
method. First, we observe 10% is always greater than N for any N > 1 
(see Exercise 4.3.5). Thus 107% <1/N, and so 2 x 107% < 2/N. Thus 
to get 2x 10-% < e, it will suffice to choose N so that 2/N < e, or 
equivalently that N > 2/e. But by Proposition 4.4.1 we can always 
choose such an JN, and the claim follows. 


— Exercises — 
Evercise 5.2.1. Show that if (a,)°°, and (b,,)°2, are equivalent sequences of 
rationals, then (ap)°2, is a Cauchy sequence if and only if (6,)°2 1 is a Cauchy 
sequence. 
Exercise 5.2.2. Let ¢ > 0. Show that if (a,)°, and (b,)°2, are eventually 


n=1 
e-close, then (ad,,)°2, is bounded if and only if (b,)°@, is bounded. 


5.3. The construction of the real numbers 


We are now ready to construct the real numbers. We shall introduce 
a new formal symbol LIM, similar to the formal notations — and // 
defined earlier; as the notation suggests, this will eventually match the 
familiar operation of lim, at which point the formal limit symbol can be 
discarded. 
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Definition 5.3.1 (Real numbers). A real number is defined to be an 
object of the form LIMn-+oo Gn, where (a@n)°2, is a Cauchy sequence of 
rational numbers. Two real numbers LIMy-,. an, and LIMn_..6 bn, are 
said to be equal iff (an,)°°., and (bn )°°, are equivalent Cauchy sequences. 


The set of all real numbers is denoted R. 


Example 5.3.2. (Informal) Let aj, a2,a3,... denote the sequence 
1.4, 1.41, 1.414, 1.4142, 1.41421,... 

and let 61, b2, b3,... denote the sequence 
1.5, 1.42, 1.415, 1.4143, 1.41422,... 


then LIMn-+. an is a real number, and is the same real number as 
LIMn-+00 bn, because (an)°2, and (bn)°2, are equivalent Cauchy se- 
quences: LIMn-so0 Gn = LIMn-+00 bn. 


We will refer to LIMn+5o9 Gn as the formal limit of the sequence 
(an )°°.,. Later on we will define a genuine notion of limit, and show 
that the formal limit of a Cauchy sequence is the same as the limit 
of that sequence; after that, we will not need formal limits ever again. 
(The situation is much like what we did with formal subtraction — and 
formal division //.) 

In order to ensure that this definition is valid, we need to check 
that the notion of equality in the definition obeys the first three laws of 


equality: 


Proposition 5.3.3 (Formal limits are well-defined). Let x = 
LIMn 500 dn, Y = LIMns0 bn, and z = LIMn+0 en be real numbers. 
Then, with the above definition of equality for real numbers, we have 
x=. Also, ifx =y, then y =x. Finally, if x = y and y = z, then 
C= z. 


Proof. See Exercise 5.3.1. 


Because of this proposition, we know that our definition of equality 
between two real numbers is legitimate. Of course, when we define other 
operations on the reals, we have to check that they obey the law of 
substitution: two real number inputs which are equal should give equal 
outputs when applied to any operation on the real numbers. 

Now we want to define on the real numbers all the usual arithmetic 
operations, such as addition and multiplication. We begin with addition. 
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Definition 5.3.4 (Addition of reals). Let x = LIMp-.. a, and y = 
LIMn-+00 bn be real numbers. Then we define the sum x + y to be 
x+y := LIMp-+00(an + bn). 


Example 5.3.5. The sum of LIM, ,..1+1/n and LIMn-.. 2+3/n is 
LIMn+00 3 + 4/n. 


We now check that this definition is valid. The first thing we need 
to do is to confirm that the sum of two real numbers is in fact a real 
number: 


Lemma 5.3.6 (Sum of Cauchy sequences is Cauchy). Let x = 
LIMpy +00 Gn and y = LIM +06 bn, be real numbers. Then x+y is also a 
real number (i.€., (dn + bn)°@, is a Cauchy sequence of rationals ). 


Proof. We need to show that for every ¢ > 0, the sequence (ap + bp,)°°, 
is eventually ¢-steady. Now from hypothesis we know that (a,)?2, is 
eventually e-steady, and (b,,)°°, is eventually e-steady, but it turns out 
that this is not quite enough (this can be used to imply that (an +b,)°°, 
is eventually 2e-steady, but that’s not what we want). So we need to do 
a little trick, which is to play with the value of e. 

We know that (a,,)°2) is eventually 5-steady for every value of 0. 
This implies not only that (an)?2, is eventually e-steady, but it is also 
eventually ¢/2-steady. Similarly, the sequence (b,,)°2, is also eventually 
é/2-steady. This will turn out to be enough to conclude that (an +bn)°, 
is eventually e-steady. 

Since (a@p)°°, is eventually ¢/2-steady, we know that there exists an 
N > 1 such that (a,)°° y is ¢/2-steady, i.e., dn and am are ¢/2-close for 
every n,m > N. Similarly there exists an M > 1 such that (b,)°° j, is 
é/2-steady, i.e., b, and bm, are ¢/2-close for every n,m > M. 

Let max(NV, /) be the larger of N and M (we know from Proposition 
2.2.13 that one has to be greater than or equal to the other). If n,m > 
max(N,M), then we know that a, and a, are ¢/2-close, and b, and 
bm are €/2-close, and so by Proposition 4.3.7 we see that an + by, and 
Am + bm are €-close for every n,m > max(N,M). This implies that the 


sequence (an + bn)°21 is eventually ¢-close, as desired. 


The other thing we need to check is the axiom of substitution (see 
Section A.7): if we replace a real number x by another number equal to 
x, this should not change the sum x + y (and similarly if we substitute 
y by another number equal to y). 
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Lemma 5.3.7 (Sums of equivalent Cauchy sequences are equivalent). 
Letewe = LIM gies Gy, SLIM 5. bay Gnd we = LIMa-ses a) be: real 
numbers. Suppose that x = x’. Then we havexr+y=2' + y. 


Proof. Since x and x’ are equal, we know that the Cauchy sequences 
(Gp, )°2, and (a/,)°°, are equivalent, so in other words they are eventually 
e-close for each ce > 0. We need to show that the sequences (an + bn)? 4 
and (a), + b,)°2, are eventually ¢-close for each ¢ > 0. But we already 
know that there is an N > 1 such that (an), and (a/,)°° y are e-close, 
i.e., that a, and ai, are e-close for each n > N. Since by is of course 0- 
close to bn, we thus see from Proposition 4.3.7 (extended in the obvious 
manner to the 6 = 0 case) that a, + by and a}, + bp are e-close for each 
n> N. This implies that (ap + b,)°, and (aj, + b,)°2, are eventually 
e-close for each € > 0, and we are done. 


Remark 5.3.8. The above lemma verifies the axiom of substitution 
for the “x” variable in «+ y, but one can similarly prove the axiom 
of substitution for the “y” variable. (A quick way is to observe from 
the definition of x + y that we certainly have x + y = y+, since 
An + by = bn + Gn.) 


We can define multiplication of real numbers in a manner similar to 
that of addition: 


Definition 5.3.9 (Multiplication of reals). Let 2 = LIMn-+oo @n and 
y = LIMn-+00 bn be real numbers. Then we define the product xy to be 
ry := LIMn +00 anbn. 


The following Proposition ensures that this definition is valid, and 
that the product of two real numbers is in fact a real number: 


Proposition 5.3.10 (Multiplication is well defined). Let x = 
LIMn +00 On, Y = LIMn +00 bn, and x’ = LIMy +00 a}, be real numbers. 
Then xy is also a real number. Furthermore, if x = x', then ry = xy. 


Proof. See Exercise 5.3.2. 


Of course we can prove a similar substitution rule when y is replaced 
by a real number y’ which is equal to y. 

At this point we embed the rationals back into the reals, by equating 
every rational number gq with the real number LIM,_,.,. q. For instance, 
if a1, a2, a3,... is the sequence 


0.5, 0.5, 0.5, 0.5, 0.5,... 
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then we set LIM,-,.. a, equal to 0.5. This embedding is consistent 
with our definitions of addition and multiplication, since for any rational 
numbers a,b we have 


(LIMnoo @) + (LIMn-+00 6) = LIMn-s00(a + b) and 
(LIMn-s00 @) X (LIMn-s00 6) = LIMn-400 (ab); 


this means that when one wants to add or multiply two rational numbers 
a,b it does not matter whether one thinks of these numbers as rationals 
or as the real numbers LIM, ... a, LIMn-5. 6. Also, this identification 
of rational numbers and real numbers is consistent with our definitions 
of equality (Exercise 5.3.3). 

We can now easily define negation —x for real numbers x by the 
formula 

—“ := (-1) xa, 


since —1 is a rational number and is hence real. Note that this is clearly 
consistent with our negation for rational numbers since we have —q = 
(—1) x q for all rational numbers qg. Also, from our definitions it is clear 
that 

— LIMa 400 Gn = LIMn-+00 (—an) 


(why?). Once we have addition and negation, we can define subtraction 
as usual by 

t—yi=a+(—y), 
note that this implies 


TAM exis GIN 4 Sbe = LIM ses i, be) 


We can now easily show that the real numbers obey all the usual 
rules of algebra (except perhaps for the laws involving division, which 
we shall address shortly): 


Proposition 5.3.11. All the laws of algebra from Proposition 4.1.6 hold 
not only for the integers, but for the reals as well. 


Proof. We illustrate this with one such rule: «(y+ z) = xy + xz. Let 
r= LIMy +06 Gn, y = LIMn-500 bn, and z = LIMy_+95 Cn be real numbers. 
Then by definition, ry = LIMy +06 Gnbn and xz = LIMy-500 Gnen, and so 
ryt+a@z = LIMy-+00(@nbn +Gnen). A similar line of reasoning shows that 
(y+ z) = LIMa 406 Gn (On + Cn). But we already know that ay,(bp + cn) 
is equal to ajby+anCy for the rational numbers ay, bn, Cn, and the claim 
follows. The other laws of algebra are proven similarly. 
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The last basic arithmetic operation we need to define is reciprocation: 
x — a '. This one is a little more subtle. On obvious first guess for 


how to proceed would be define 
(LIM 4-265, SLIM, sana 


but there are a few problems with this. For instance, let a1, a2, az,... 
be the Cauchy sequence 


0.1, 0.01, 0.001, 0.0001,..., 


and let « := LIMn-5.@n. Then by this definition, «~! would be 
LIMy +00 bn, Where 51, bo, b3,... is the sequence 


10, 100, 1000, 10000, ... 


but this is not a Cauchy sequence (it isn’t even bounded). Of course, the 
problem here is that our original Cauchy sequence (a,,)?°., was equiva- 
lent to the zero sequence (0)?°., (why?), and hence that our real number 
x was in fact equal to 0. So we should only allow the operation of recip- 
rocal when x is non-zero. 

However, even when we restrict ourselves to non-zero real numbers, 
we have a slight problem, because a non-zero real number might be the 
formal limit of a Cauchy sequence which contains zero elements. For 
instance, the number 1, which is rational and hence real, is the formal 
limit 1 = LIM, 5.5 ay, of the Cauchy sequence 


0, 0.9, 0.99, 0.999, 0.9999, ... 


but using our naive definition of reciprocal, we cannot invert the real 
number 1, because we can’t invert the first element 0 of this Cauchy 
sequence! 

To get around these problems we need to keep our Cauchy sequence 
away from zero. To do this we first need a definition. 


Definition 5.3.12 (Sequences bounded away from zero). A sequence 
(ay)? of rational numbers is said to be bounded away from zero iff 
there exists a rational number c > 0 such that |a,| > c for alln > 1. 


Examples 5.3.13. The sequence 1, —1, 1, —1, 1, —1, 1,... is bounded 
away from zero (all the coefficients have absolute value at least 1). But 
the sequence 0.1,0.01,0.001,... is not bounded away from zero, and 
neither is 0, 0.9, 0.99, 0.999, 0.9999, .... The sequence 10, 100, 1000,... is 
bounded away from zero, but is not bounded. 
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We now show that every non-zero real number is the formal limit of 
a Cauchy sequence bounded away from zero: 


Lemma 5.3.14. Let x be a non-zero real number. Then x« = 
LIMn-+0o Gn for some Cauchy sequence (an)721, which is bounded away 
from zero. 


Proof. Since x is real, we know that « = LIMn-+. bp for some Cauchy 
sequence (b,)°2,. But we are not yet done, because we do not know 
that bp, is bounded away from zero. On the other hand, we are given 
that « 4 0 = LIM,-,~ 0, which means that the sequence (b,,)°2, is not 
equivalent to (0)°°.,. Thus the sequence (b,,)°°, cannot be eventually 
e-close to (0)°°., for every « > 0. Therefore we can find an ¢ > 0 such 
that (b,)°°, is not eventually e-close to (0) 


(oe) 
n=1° 

Let us fix this «. We know that (b,,)°°., is a Cauchy sequence, so it is 
eventually e-steady. Moreover, it is eventually ¢/2-steady, since ¢/2 > 0. 
Thus there is an N > 1 such that |b, — bm| < ¢/2 for alln,m>N. 

On the other hand, we cannot have |b,,| < € for all n > N, since this 
would imply that (b,)°°, is eventually e-close to (0)°2.,. Thus there 
must be some ng > N for which |b,,| > €. Since we already know 
that |bno — bn| < ¢/2 for all n > N, we thus conclude from the triangle 
inequality (how?) that |b,| > ¢/2 for alln > N. 

This almost proves that (b,)°°., is bounded away from zero. Actu- 
ally, what it does is show that (b,)?2, is eventually bounded away from 
zero. But this is easily fixed, by defining a new sequence ay, by setting 
Qn := €/2 ifn < N and ay := by ifn > N. Since b, is a Cauchy se- 
quence, it is not hard to verify that a, is also a Cauchy sequence which 
is equivalent to b,, (because the two sequences are eventually the same), 
and so x = LIM, an. And since |b,| > ¢/2 for all n > N, we know 
that |an| > ¢/2 for all n > 1 (splitting into the two cases n > N and 
n < N separately). Thus we have a Cauchy sequence which is bounded 
away from zero (by ¢/2 instead of ¢, but that’s still OK since ¢/2 > 0), 
and which has x as a formal limit, and so we are done. 


Once a sequence is bounded away from zero, we can take its recip- 
rocal without any difficulty: 


Lemma 5.3.15. Suppose that (ap)°, is a Cauchy sequence which is 
bounded away from zero. Then the sequence (a,,')°~, is also a Cauchy 


sequence. 
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Proof. Since (a,)°, is bounded away from zero, we know that there is 


ac > 0 such that |a,| > c for all n > 1. Now we need to show that 


(a;,!)o~, is eventually e-steady for each ¢ > 0. Thus let us fix an € > 0; 


our task is now to find an N > 1 such that |a;!—a;,)| < « for all 
n,m > N. But 


lam — Gn| 
2 


am — an 


lan: ag |= s 


Aman Cc 


(since |am|,|an| > c), and so to make |a;! — a;,"| less than or equal to 
é, it will suffice to make |a,, — a,| less than or equal to c’<. But since 
(an)°21 is a Cauchy sequence, and ce > 0, we can certainly find an N 
such that the sequence (an,)°2y is c?e-steady, i.e., |@m —@n| < ce for all 
n > N. By what we have said above, this shows that |a,!—a;!| < e for 
all m,n > N, and hence the sequence (a;,1)°~, is eventually ¢-steady. 
Since we have proven this for every ¢, we have that (a;,,!)°~, is a Cauchy 


sequence, as desired. 


We are now ready to define reciprocation: 


Definition 5.3.16 (Reciprocals of real numbers). Let x be a non-zero 
real number. Let (a,)?°, be a Cauchy sequence bounded away from zero 
such that « = LIMp-+00 Gn (such a sequence exists by Lemma 5.3.14). 
Then we define the reciprocal 2~! by the formula 2~! := LIMn- 300 a7". 
(From Lemma 5.3.15 we know that x~! is a real number.) 


We need to check one thing before we are sure this definition 
makes sense: what if there are two different Cauchy sequences (a,,)°°, 
and (b,)°°, which have x as their formal limit, x = LIMn-..dn = 
LIMy +00 bn. The above definition might conceivably give two different 
reciprocals 2~', namely LIMn+.a,,' and LIMn+.6,!. Fortunately, 
this never happens: 


Lemma 5.3.17 (Reciprocation is well defined). Let (a,)°2, and 
(bn)°2, be two Cauchy sequences bounded away from zero such that 
LIMn +00 An = LIMn-+00 bn (i.e., the two sequences are equivalent). 
Then LIMy-_+56 a; = LIMy-+00 be 


Proof. Consider the following product P of three real numbers: 
P= (DIM, .505 2% (LIM 333. G;,) 9% (IM gigs be *). 
If we multiply this out, we obtain 


P= LIM) 55 oF ab = LIM yg 356," 
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On the other hand, since LIMy-395 dn = LIMn-+06 bn, We can write P in 
another way as 
P= (UIMy-sss'62 (LIM oa) CIM gs Be) 
(cf. Proposition 5.3.10). Multiplying things out again, we get 
P= LING esas “bib, = LIM a8 


Comparing our different formulae for P we see that LIMn+.a;,! = 
LIMn-400 07, ! as desired. 


Thus reciprocal is well-defined (for each non-zero real number z, 
we have exactly one definition of the reciprocal x~'). Note it is clear 
from the definition that rx~! = x-!xz = 1 (why?); thus all the field 
axioms (Proposition 4.2.4) apply to the reals as well as to the rationals. 
We of course cannot give 0 a reciprocal, since 0 multiplied by anything 
gives 0, not 1. Also note that if q is a non-zero rational, and hence 
equal to the real number LIM,,_,.. q, then the reciprocal of LIMn_-+. g 
is LIMn-s00 7! = q7!; thus the operation of reciprocal on real numbers 
is consistent with the operation of reciprocal on rational numbers. 

Once one has reciprocal, one can define division x/y of two real 
numbers x,y, provided y is non-zero, by the formula 


t/y:=axy, 

just as we did with the rationals. In particular, we have the cancellation 
law: if x, y, z are real numbers such that xz = yz, and z is non-zero, then 
by dividing by z we conclude that x = y. Note that this cancellation 
law does not work when z is zero. 

We now have all four of the basic arithmetic operations on the reals: 
addition, subtraction, multiplication, and division, with all the usual 
rules of algebra. Next we turn to the notion of order on the reals. 


— Exercises — 


Exercise 5.3.1. Prove Proposition 5.3.3. (Hint: you may find Proposition 4.3.7 
to be useful.) 


Exercise 5.3.2. Prove Proposition 5.3.10. (Hint: again, Proposition 4.3.7 may 
be useful.) 


Exercise 5.3.3. Let a,b be rational numbers. Show that a = b if and only if 
LIMy +00 @ = LIMn-+0 b (ie., the Cauchy sequences a, a,a,a,...and b, b,b,b... 
equivalent if and only if a = b). This allows us to embed the rational numbers 
inside the real numbers in a well-defined manner. 
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Ezercise 5.3.4. Let (@n)?2@9 be a sequence of rational numbers which is 
bounded. Let (bp,)°29 be another sequence of rational numbers which is equiv- 
alent to (d,)°2,. Show that (b,)°2 5 is also bounded. (Hint: use Exercise 
5.2.2.) 


Exercise 5.3.5. Show that LIM,-,.. 1/n = 0. 


5.4 Ordering the reals 


We know that every rational number is positive, negative, or zero. We 
now want to say the same thing for the reals: each real number should 
be positive, negative, or zero. Since a real number 2 is just a formal 
limit of rationals ay, it is tempting to make the following definition: a 
real number x = LIM, ay, is positive if all of the a, are positive, 
and negative if all of the ay are negative (and zero if all of the a, are 
zero). However, one soon realizes some problems with this definition. 
For instance, the sequence (an)?2, defined by a, := 10~”, thus 


0.1, 0.01, 0.001, 0.0001,... 


consists entirely of positive numbers, but this sequence is equivalent to 
the zero sequence 0,0,0,0,... and thus LIM,-,.,a@, = 0. Thus even 
though all the rationals were positive, the real formal limit of these 
rationals was zero rather than positive. Another example is 


0.1, —0.01, 0.001, —0.0001, ...; 


this sequence is a hybrid of positive and negative numbers, but again 
the formal limit is zero. 

The trick, as with the reciprocals in the previous section, is to limit 
one’s attention to sequences which are bounded away from zero. 


Definition 5.4.1. Let (a;,)°°., be a sequence of rationals. We say that 
this sequence is positively bounded away from zero iff we have a positive 
rational c > 0 such that a, > c for all n > 1 (in particular, the sequence 
is entirely positive). The sequence is negatively bounded away from zero 
iff we have a negative rational —c < 0 such that a, < —c for alln > 1 
(in particular, the sequence is entirely negative). 


Examples 5.4.2. The sequence 1.1, 1.01, 1.001, 1.0001, ... is positively 
bounded away from zero (all terms are greater than or equal to 1). The 
sequence —1.1,—1.01, —1.001, —1.0001,... is negatively bounded away 
from zero. The sequence 1,—1,1,—1,1,—1,... is bounded away from 
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zero, but is neither positively bounded away from zero nor negatively 
bounded away from zero. 


It is clear that any sequence which is positively or negatively bounded 
away from zero, is bounded away from zero. Also, a sequence cannot be 
both positively bounded away from zero and negatively bounded away 
from zero at the same time. 


Definition 5.4.3. A real number z is said to be positive iff it can be 
written as © = LIMn-+0o Gn for some Cauchy sequence (an)? which 
is positively bounded away from zero. «x is said to be negative iff it 
can be written as x = LIMn-+.0 Gn for some sequence (a7,)°°., which is 
negatively bounded away from zero. 


Proposition 5.4.4 (Basic properties of positive reals). For every real 
number x, exactly one of the following three statements is true: (a) x is 
zero; (b) x is positive; (c) x is negative. A real number x is negative if 
and only if —x is positive. If x and y are positive, then so are x+y and 
LY. 


Proof. See Exercise 5.4.1. 


Note that if q is a positive rational number, then the Cauchy sequence 
q;9;,9,--. 18 positively bounded away from zero, and hence LIMn-3o0 g = 
q is a positive real number. Thus the notion of positivity for rationals 
is consistent with that for reals. Similarly, the notion of negativity for 
rationals is consistent with that for reals. 

Once we have defined positive and negative numbers, we can define 
absolute value and order. 


Definition 5.4.5 (Absolute value). Let x be a real number. We define 
the absolute value |x| of x to equal x if x is positive, —2 when z is 
negative, and 0 when x is zero. 


Definition 5.4.6 (Ordering of the real numbers). Let x and y be real 
numbers. We say that x is greater than y, and write x > y, ifx—yisa 
positive real number, and x < y iff x — y is a negative real number. We 
define x > y iff x > y or x = y, and similarly define x < y. 


Comparing this with the definition of order on the rationals from 
Definition 4.2.8 we see that order on the reals is consistent with order 
on the rationals, i.e., if two rational numbers q, q’ are such that q is less 
than q’ in the rational number system, then gq is still less than q’ in the 
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real number system, and similarly for “greater than”. In the same way 
we see that the definition of absolute value given here is consistent with 
that in Definition 4.3.1. 


Proposition 5.4.7. All the claims in Proposition 4.2.9 which held for 
rationals, continue to hold for real numbers. 


Proof. We just prove one of the claims and leave the rest to Exercise 
5.4.2. Suppose we have x < y and z a positive real, and want to conclude 
that rz < yz. Since x < y, y — & is positive, hence by Proposition 5.4.4 
we have (y — 2)z = yz — xz is positive, hence xz < yz. 


As an application of these propositions, we prove 


Proposition 5.4.8. Let x be a positive real number. Then x~' is also 


positive. Also, if y is another positive number and x > y, then x! < 
-1 
yo. 


Proof. Let x be positive. Since rz~! = 1, the real number x~! cannot be 


zero (since 0 = 0 £ 1). Also, from Proposition 5.4.4 it is easy to see that 
a positive number times a negative number is negative; this shows that 
x | cannot be negative, since this would imply that xx~! = 1 is negative, 
a contradiction. Thus, by Proposition 5.4.4, the only possibility left is 
that x! is positive. 

Now let y be positive as well, so z~! and y7! are also positive. If 
x! > y~, then by Proposition 5.4.7 we have xx~! > yao! > yyM!, 
thus 1 > 1, which is a contradiction. Thus we must have 27! < y7!. 


1 


Another application is that the laws of exponentiation (Proposition 
4.3.12) that were previously proven for rationals, are also true for reals; 
see Section 5.6. 

We have already seen that the formal limit of positive rationals need 
not be positive; it could be zero, as the example 0.1,0.01,0.001,... 
showed. However, the formal limit of non-negative rationals (i.e., ra- 
tionals that are either positive or zero) is non-negative. 


Proposition 5.4.9 (The non-negative reals are closed). Let a1, ao, 
a3,... be a Cauchy sequence of non-negative rational numbers. Then 
LIMy +00 Gn 18 a non-negative real number. 


Eventually, we will see a better explanation of this fact: the set of 
non-negative reals is closed, whereas the set of positive reals is open. See 
Section 11.4. 
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Proof. We argue by contradiction, and suppose that the real number 
x := LIMn-+00 Gn iS a negative number. Then by definition of negative 
real number, we have x = LIM, +5 by, for some sequence 6, which is 
negatively bounded away from zero, i.e., there is a negative rational 
—c <0 such that b, < —c for all n > 1. On the other hand, we have 
Gy, > 0 for all n > 1, by hypothesis. Thus the numbers a, and by, are 
never c/2-close, since c/2 < c. Thus the sequences (a,)?2., and (bn)?2 4 
are not eventually c/2-close. Since c/2 > 0, this implies that (a,,)°°, 
and (b,)P2, are not equivalent. But this contradicts the fact that both 
these sequences have x as their formal limit. 


Corollary 5.4.10. Let (an)?2, and (bn)? be Cauchy sequences of 
rationals such that an > by, for alln > 1. Then LIMn>504n > 
LIMn-+00 bn. 


Proof. Apply Proposition 5.4.9 to the sequence ay — bn. 


Remark 5.4.11. Note that the above Corollary does not work if the > 
signs are replaced by >: for instance if a, :-= 1+1/n and b, :=1-—1/n, 
then a, is always strictly greater than b,,, but the formal limit of a, is 
not greater than the formal limit of b,, instead they are equal. 


We now define distance d(z,y) := |x — y| just as we did for the 
rationals. In fact, Propositions 4.3.3 and 4.3.7 hold not only for the 
rationals, but for the reals; the proof is identical, since the real numbers 
obey all the laws of algebra and order that the rationals do. 

We now observe that while positive real numbers can be arbitrarily 
large or small, they cannot be larger than all of the positive integers, or 
smaller in magnitude than all of the positive rationals: 


Proposition 5.4.12 (Bounding of reals by rationals). Let x be a positive 
real number. Then there exists a positive rational number q such that 
q <x, and there exists a positive integer N such that x < N. 


Proof. Since x is a positive real, it is the formal limit of some Cauchy 
sequence (a,,)°°., which is positively bounded away from zero. Also, by 
Lemma 5.1.15, this sequence is bounded. Thus we have rationals q > 0 
and r such that g < a, <r for alln > 1. But by Proposition 4.4.1 we 
know that there is some integer N such that r < N; since q is positive 
and q < r < N, we see that N is positive. Thus g < an, < N for 
alln > 1. Applying Corollary 5.4.10 we obtain that q < x < N, as 
desired. 
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Corollary 5.4.13 (Archimedean property). Let x and be any positive 
real numbers. Then there exists a positive integer M such that Me > x. 


Proof. The number 2/eé is positive, and hence by Proposition 5.4.12 
there exists a positive integer N such that x/e < N. If we set M := 
N +1, then x/e < M. Now multiply by «. 


This property is quite important; it says that no matter how large x 
is and how small ¢ is, if one keeps adding «€ to itself, one will eventually 
overtake x. 


Proposition 5.4.14. Given any two real numbers x < y, we can find a 
rational number q such thata<q<_y. 


Proof. See Exercise 5.4.5. 


We have now completed our construction of the real numbers. This 
number system contains the rationals, and has almost everything that 
the rational number system has: the arithmetic operations, the laws of 
algebra, the laws of order. However, we have not yet demonstrated any 
advantages that the real numbers have over the rationals; so far, even 
after much effort, all we have done is shown that they are at least as good 
as the rational number system. But in the next few sections we show 
that the real numbers can do more things than rationals: for example, 
we can take square roots in a real number system. 


Remark 5.4.15. Up until now, we have not addressed the fact that 
real numbers can be expressed using the decimal system. For instance, 
the formal limit of 


1.4, 1.41, 1.414, 1.4142, 1.41421, ... 


is more conventionally represented as the decimal 1.41421.... We will 
address this in an Appendix (§B), but for now let us just remark that 
there are some subtleties in the decimal system, for instance 0.9999... 
and 1.000... are in fact the same real number. 


— Exercises — 


Exercise 5.4.1. Prove Proposition 5.4.4. (Hint: if 2 is not zero, and x is the 
formal limit of some sequence (a,,)°°_,, then this sequence cannot be eventually 
e-close to the zero sequence (0)°°, for every single « > 0. Use this to show 
that the sequence (a,,)°2, is eventually either positively bounded away from 


zero or negatively bounded away from zero.) 
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Exercise 5.4.2. Prove the remaining claims in Proposition 5.4.7. 


Exercise 5.4.3. Show that for every real number zx there is exactly one integer 
N such that N < « < N+1. (This integer N is called the integer part of x, 
and is sometimes denoted N = |x|.) 


Exercise 5.4.4. Show that for any positive real number x > 0 there exists a 
positive integer N such that « > 1/N > 0. 


Exercise 5.4.5. Prove Proposition 5.4.14. (Hint: use Exercise 5.4.4. You may 
also need to argue by contradiction.) 


Exercise 5.4.6. Let x,y be real numbers and let ¢ > 0 be a positive real. Show 
that |” — y| < ¢ if and only if y—e <a <y+e, and that |x — y| < ¢ if and 
only ify-e<a<yrte. 


Exercise 5.4.7. Let x and y be real numbers. Show that « < y+ eé for all real 
numbers ¢ > 0 if and only if  < y. Show that |x — y| < ¢« for all real numbers 
€ > 0 if and only if # = y. 


Exercise 5.4.8. Let (a,)°2, be a Cauchy sequence of rationals, and let x be 
a real number. Show that if a, < a for all n > 1, then LIM, ,~an < @. 
Similarly, show that ifa, > x for alln > 1, then LIM,-,~ a, > x. (Hint: prove 
by contradiction. Use Proposition 5.4.14 to find a rational between LIMy_,.6 an 
and x, and then use Proposition 5.4.9 or Corollary 5.4.10.) 


5.5 The least upper bound property 


We now give one of the most basic advantages of the real numbers over 
the rationals; one can take the least upper bound sup(E) of any subset 
F of the real numbers R. 


Definition 5.5.1 (Upper bound). Let E be a subset of R, and let WM 
be a real number. We say that M is an upper bound for E, iff we have 
x <M for every element x in E. 


Example 5.5.2. Let E be the interval FE := {m1 €R:0<a< 1}. Then 
1 is an upper bound for FE, since every element of FE is less than or equal 
to 1. It is also true that 2 is an upper bound for E, and indeed every 
number greater or equal to 1 is an upper bound for &. On the other 
hand, any other number, such as 0.5, is not an upper bound, because 0.5 
is not larger than every element in EF. (Merely being larger than some 
elements of E is not necessarily enough to make 0.5 an upper bound.) 
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Example 5.5.3. Let R* be the set of positive reals: Rt := {rt ER: 
x > 0}. Then R* does not have any upper bounds? at all (why?). 


Example 5.5.4. Let ( be the empty set. Then every number M is 
an upper bound for §, because M is greater than every element of the 
empty set (this is a vacuously true statement, but still true). 


It is clear that if M is an upper bound of E, then any larger number 
M' > M is also an upper bound of E. On the other hand, it is not so 
clear whether it is also possible for any number smaller than M to also 
be an upper bound of &. This motivates the following definition: 


Definition 5.5.5 (Least upper bound). Let FE be a subset of R, and W@ 
be a real number. We say that M is a least upper bound for E iff (a) M 
is an upper bound for FE, and also (b) any other upper bound M’ for E 
must be larger than or equal to M. 


Example 5.5.6. Let EF be the interval F := {1 € R:0< 2 < 1}. 
Then, as noted before, £ has many upper bounds, indeed every number 
greater than or equal to 1 is an upper bound. But only 1 is the least 
upper bound; all other upper bounds are larger than 1. 


Example 5.5.7. The empty set does not have a least upper bound 
(why?). 


Proposition 5.5.8 (Uniqueness of least upper bound). Let E be a sub- 
set of R. Then E can have at most one least upper bound. 


Proof. Let M, and Mp be two least upper bounds, say My, and Mg. 
Since M, is a least upper bound and Mp is an upper bound, then by 
definition of least upper bound we have My > Mj. Since Mo is a least 
upper bound and M, is an upper bound, we similarly have My, > Mo. 
Thus M, = Mo. Thus there is at most one least upper bound. 


Now we come to an important property of the real numbers: 


Theorem 5.5.9 (Existence of least upper bound). Let E be a non- 
empty subset of R. If E has an upper bound, (i.e., E has some upper 
bound M), then it must have exactly one least upper bound. 


3More precisely, R* has no upper bounds which are real numbers. In Section 6.2 
we shall introduce the extended real number system R*, which allows one to give the 
upper bound of +00 for sets such as R?. 
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Proof. This theorem will take quite a bit of effort to prove, and many 
of the steps will be left as exercises. 

Let E be a non-empty subset of R with an upper bound M. By 
Proposition 5.5.8, we know that EF has at most one least upper bound; 
we have to show that FE has at least one least upper bound. Since FE is 
non-empty, we can choose some element x in E. 

Let n > 1 be a positive integer. We know that E has an upper 
bound M. By the Archimedean property (Corollary 5.4.13), we can find 
an integer K such that K/n > M, and hence K/n is also an upper 
bound for &. By the Archimedean property again, there exists another 
integer LZ such that L/n < xo. Since po lies in E, we see that L/n is not 
an upper bound for &. Since K/n is an upper bound but L/n is not, 
we see that K > L. 

Since K/n is an upper bound for E and L/n is not, we can find an 
integer L < my, < K with the property that m,/n is an upper bound 
for E, but (mn —1)/n is not (see Exercise 5.5.2). In fact, this integer my, 
is unique (Exercise 5.5.3). We subscript m, by n to emphasize the fact 
that this integer m depends on the choice of n. This gives a well-defined 
(and unique) sequence m1, ™m2,m3,... of integers, with each of the m,,/n 
being upper bounds and each of the (m,,—1)/n not being upper bounds. 

Now let N > 1 be a positive integer, and let n,n’ > N be integers 
larger than or equal to N. Since m,/n is an upper bound for E and 
(my — 1)/n' is not, we must have m,/n > (Mp — 1)/n’ (why?). After 
a little algebra, this implies that 


Mn Mn! 1 1 
ne ON 


Similarly, since m,,/n’ is an upper bound for FE and (my, — 1)/n is not, 
we have mn /n' > (mn — 1)/n, and hence 


Mn Len 
n n! n N 


Putting these two bounds together, we see that 


1 
< a for alln,n’ > N > 1. 


/ 


| Mn Mn! 
n n 


This implies that “* is a Cauchy sequence (Exercise 5.5.4). Since the 


mn are rational numbers, we can now define the real number S as 


SoM 
n 
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From Exercise 5.3.5 we conclude that 


= 
CAM age = 


To finish the proof of the theorem, we need to show that S' is the least 
upper bound for E. First we show that it is an upper bound. Let x 
be any element of EF. Then, since m,/n is an upper bound for E, we 
have x < m,,/n for all n > 1. Applying Exercise 5.4.8, we conclude that 
x < LIMp-+c00 Mn/n = S. Thus S is indeed an upper bound for E. 

Now we show it is a least upper bound. Suppose y is an upper 
bound for EF. Since (mp —1)/n is not an upper bound, we conclude that 
y > (m, —1)/n for all n > 1. Applying Exercise 5.4.8, we conclude that 
y > LIMn-+00(™mn — 1)/n = S. Thus the upper bound S is less than or 
equal to every upper bound of E, and S is thus a least upper bound of 
E. 


Definition 5.5.10 (Supremum). Let EF be a subset of the real numbers. 
If E is non-empty and has some upper bound, we define sup(/) to be 
the least upper bound of F (this is well-defined by Theorem 5.5.9). We 
introduce two additional symbols, +oo and —oo. If E is non-empty 
and has no upper bound, we set sup(£) := +00; if FE is empty, we set 
sup(E£) := —oo. We refer to sup(£) as the supremum of FE, and also 
denote it by sup E. 


Remark 5.5.11. At present, +-co and —oo are meaningless symbols; we 
have no operations on them at present, and none of our results involving 
real numbers apply to +oo and —oo, because these are not real numbers. 
In Section 6.2 we add +00 and —oo to the reals to form the extended 
real number system, but this system is not as convenient to work with 
as the real number system, because many of the laws of algebra break 
down. For instance, it is not a good idea to try to define +00 + —oco; 
setting this equal to 0 causes some problems. 


Now we give an example of how the least upper bound property is 
useful. 


Proposition 5.5.12. There exists a positive real number x such that 
2 
Po 


Remark 5.5.13. Comparing this result with Proposition 4.4.4, we 
see that certain numbers are real but not rational. The proof of this 
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proposition also shows that the rationals Q do not obey the least upper 
bound property, otherwise one could use that property to construct a 
square root of 2, which by Proposition 4.4.4 is not possible. 


Proof. Let E be the set {y € R: y > 0 and y? < 2}; thus E is the set of 
all non-negative real numbers whose square is less than 2. Observe that 
E has an upper bound of 2 (because if y > 2, then y? > 4 > 2 and hence 
y € E). Also, F is non-empty (for instance, 1 is an element of £’). Thus 
by the least upper bound property, we have a real number x := sup(£) 
which is the least upper bound of &. Then zx is greater than or equal to 
1 (since 1 € FE) and less than or equal to 2 (since 2 is an upper bound 
for E). So x is positive. Now we show that x? = 2. 

We argue this by contradiction. We show that both x? < 2 and 
x? > 2 lead to contradictions. First suppose that x? < 2. Let 0<e<1 
be a small number; then we have 


(a +e)? =a? +2en+e*% <a*+4e+e=074+5e 


since x < 2 and «? < «. Since 2? < 2, we see that we can choose an 
0 <e <1 such that x? + 5e < 2, thus (x + €)? < 2. By construction of 
E, this means that x + ¢ € E; but this contradicts the fact that x is an 
upper bound of E. 

Now suppose that 2? > 2. Let 0 < ¢ < 1 be a small number; then 
we have 


(2 —¢)? = ¢? — Qen +e? > a? —Qer > cg? — de 


since x < 2 and e? > 0. Since x? > 2, we can choose 0 < € < 1 such that 
x*—4de > 2, and thus (x—<)? > 2. But then this implies that —e > y for 
all y € E. (Why? If #—e < y then (x4 — €)? < y” < 2, a contradiction.) 
Thus x —€ is an upper bound for FE, which contradicts the fact that x is 
the least upper bound of EF. From these two contradictions we see that 


x? = 2, as desired. 


Remark 5.5.14. In Chapter 6 we will use the least upper bound prop- 
erty to develop the theory of limits, which allows us to do many more 
things than just take square roots. 


Remark 5.5.15. We can of course talk about lower bounds, and great- 
est lower bounds, of sets E; the greatest lower bound of a set F is also 
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known as the infimum? of E and is denoted inf(E) or inf E. Everything 
we say about suprema has a counterpart for infima; we will usually leave 
such statements to the reader. A precise relationship between the two 
notions is given by Exercise 5.5.1. See also Section 6.2. 


— Exercises — 


Exercise 5.5.1. Let E be a subset of the real numbers R, and suppose that E 
has a least upper bound M which is a real number, i.e., M = sup(F). Let —E 
be the set 


E:= {-a#:2€ E}. 
Show that —M is the greatest lower bound of —E, i.e., —M = inf(—E). 


Exercise 5.5.2. Let E be a non-empty subset of R, let n > 1 be an integer, and 
let L < K be integers. Suppose that K’/n is an upper bound for E, but that 
L/n is not an upper bound for EF. Without using Theorem 5.5.9, show that 
there exists an integer L <m < K such that m/n is an upper bound for E, but 
that (m —1)/n is not an upper bound for E. (Hint: prove by contradiction, 
and use induction. It may also help to draw a picture of the situation.) 


Exercise 5.5.3. Let E be a non-empty subset of R, let n > 1 be an integer, and 
let m,m’ be integers with the properties that m/n and m’/n are upper bounds 
for E, but (m—1)/n and (m’ — 1)/n are not upper bounds for E. Show that 
m =m’. This shows that the integer m constructed in Exercise 5.5.2 is unique. 
(Hint: again, drawing a picture will be helpful.) 


Exercise 5.5.4. Let qi,q92,q3,... be a sequence of rational numbers with the 
property that |d@n — dn’| < + whenever M > 1 is an integer and n,n’ > M. 
Show that q1, g2, q3,-..i8 a Cauchy sequence. Furthermore, if S := LIMn-+00 dn, 
show that |gaz — S| < 3 for every M > 1. (Hint: use Exercise 5.4.8.) 

Exercise 5.5.5. Establish an analogue of Proposition 5.4.14, in which “rational” 


is replaced by “irrational”. 


5.6 Real exponentiation, part I 


In Section 4.3 we defined exponentiation 2” when x is rational and 
n is a natural number, or when z is a non-zero rational and n is an 
integer. Now that we have all the arithmetic operations on the reals 
(and Proposition 5.4.7 assures us that the arithmetic properties of the 


4Supremum means “highest” and infimum means “lowest”, and the plurals are 
suprema and infima. Supremum is to superior, and infimum to inferior, as maximum 
is to major, and minimum to minor. The root words are “super”, which means 
“above”, and “infer”, which means “below” (this usage only survives in a few rare 
English words such as “infernal”, with the Latin prefix “sub” having mostly replaced 
“infer” in English). 
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rationals that we are used to, continue to hold for the reals) we can 
similarly define exponentiation of the reals. 


Definition 5.6.1 (Exponentiating a real by a natural number). Let x 
be a real number. To raise x to the power 0, we define x° := 1. Now 
suppose recursively that x” has been defined for some natural number 
n, then we define xt! := x2” x a. 


Definition 5.6.2 (Exponentiating a real by an integer). Let x be a 
non-zero real number. Then for any negative integer —n, we define 
i reel Wr 


Clearly these definitions are consistent with the definition of rational 
exponentiation given earlier. We can then assert 


Proposition 5.6.3. All the properties in Propositions 4.3.10 and 4.8.12 
remain valid if x and y are assumed to be real numbers instead of rational 
numbers. 


Instead of giving an actual proof of this proposition, we shall give a 
meta-proof (an argument appealing to the nature of proofs, rather than 
the nature of real and rational numbers). 

Meta-proof. If one inspects the proof of Propositions 4.3.10 and 4.3.12 
we see that they rely on the laws of algebra and the laws of order for 
the rationals (Propositions 4.2.4 and 4.2.9). But by Propositions 5.3.11, 
5.4.7, and the identity 2x~! = x~!w = 1 we know that all these laws of 
algebra and order continue to hold for real numbers as well as rationals. 
Thus we can modify the proof of Proposition 4.3.10 and 4.3.12 to hold 
in the case when x and y are real. 

Now we consider exponentiation to exponents which are not integers. 
We begin with the notion of an n* root, which we can define using our 
notion of supremum. 


Definition 5.6.4. Let x > 0 be a non-negative real, and let n > 1 bea 
positive integer. We define x!/", also known as the n‘” root of x, by the 
formula 

oll” = sup{y € R: y>0 and y” < z}. 


We often write \/x for x!/?. 


Note we do not define the n* root of a negative number. In fact, 
we will leave the n* roots of negative numbers undefined for the rest 
of the text (one can define these n*" roots once one defines the complex 
numbers, but we shall refrain from doing so). 
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Lemma 5.6.5 (Existence of nth roots). Let x > 0 be a non-negative 
real, and letn > 1 be a positive integer. Then the set FE := {ye R:y> 
0 and y” < x} is non-empty and is also bounded above. In particular, 
x'/” is a real number. 


Proof. The set EF contains 0 (why?), so it is certainly not empty. Now 
we show it has an upper bound. We divide into two cases: x < 1 and 
x > 1. First suppose that we are in the case where x < 1. Then we 
claim that the set EF’ is bounded above by 1. To see this, suppose for sake 
of contradiction that there was an element y € EF for which y > 1. But 
then y” > 1 (why?), and hence y” > x, a contradiction. Thus F has an 
upper bound. Now suppose that we are in the case where x > 1. Then 
we claim that the set E is bounded above by x. To see this, suppose for 
contradiction that there was an element y € FE for which y > x. Since 
x > 1, we thus have y > 1. Since y > x and y > 1, we have y” > x 
(why?), a contradiction. Thus in both cases E has an upper bound, and 
so x!/” is finite. 


We list some basic properties of n*® root below. 


Lemma 5.6.6. Let x,y > 0 be non-negative reals, and let n,m > 1 be 
positive integers. 


a) Ify=2'/", then y” =z. 


b 


Conversely, if y” =x, then y = x1/". 


d 


(a) 

(b) 

(c) «'/” is a positive real number. 

(d) We have x > y if and only if #/" > y'/™. 
(e) 


If x > 1, then x'/* is a decreasing function of k. If x <1, then 
x'/* is an increasing function of k. If x =1, then x'/* = 1 for all 


k. 


e 


We have (xy)!/" = a'/"yl/”, 
(f) (xy) y 


(g) We have (a/")l/m = gl/nm, 


Proof. See Exercise 5.6.1. 


The observant reader may note that this definition of 2!/" might 
possibly be inconsistent with our previous notion of x” when n = 1, but 
it is easy to check that 2!/! = x = x! (why?), so there is no inconsistency. 
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One consequence of Lemma 5.6.6(b) is the following cancellation law: 
if y and z are positive and y” = 2", then y = z. (Why does this follow 
from Lemma 5.6.6(b)?) Note that this only works when y and z are 
positive; for instance, (—3)? = 37, but we cannot conclude from this 
that —3 = 3. 

Now we define how to raise a positive number x to a rational expo- 
nent q. 


Definition 5.6.7. Let x > 0 be a positive real number, and let g be a 
rational number. To define x7, we write q = a/b for some integer a and 
positive integer b, and define 


at = (ely, 


Note that every rational g, whether positive, negative, or zero, can 
be written in the form a/b where a is an integer and 0 is positive (why’?). 
However, the rational number g can be expressed in the form a/b in more 
than one way, for instance 1/2 can also be expressed as 2/4 or 3/6. So to 
ensure that this definition is well-defined, we need to check that different 
expressions a/b give the same formula for x7: 


Lemma 5.6.8. Let a,a’ be integers and b,b! be positive integers such 
that a/b = a’'/b’, and let x be a positive real number. Then we have 
(a 1/?')a" _ (a1/>), 


Proof. There are three cases: a = 0, a > 0, a < 0. If a = 0, then we 
must have a’ = 0 (why?) and so both («!/"")“ and (2'/°)@ are equal to 
1, so we are done. 

Now suppose that a > 0. Then a’ > 0 (why?), and ab’ = ba’. Write 
y = e/(0b') — l/c’), By Lemma 5.6.6(g) we have y = (a!/b)1/a 
and y = (a!/%)!/e". by Lemma. 5.6.6(a) we thus have y* = 2!/"" and 
. Thus we have 

(che = (y2)” = yo >». (y )? = (i/o 

as desired. 

Finally, suppose that a < 0. Then we have (—a)/b = (—a’)/b. But 
—a is positive, so the previous case applies and we have (al/ bye a = 
(a!/')-@, Taking the reciprocal of both sides we obtain the result. 


Thus x? is well-defined for every rational g. Note that this new 
definition is consistent with our old definition for a!/” (why?) and is 
also consistent with our old definition for x” (why’). 
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Some basic facts about rational exponentiation: 


Lemma 5.6.9. Let x,y > 0 be positive reals, and let q,r be rationals. 


a) x? is a positive real. 


by at? = ag" and (xt)! =a”, 


d) Ifq>0, thenax > y if and only if x4 > y!%. 


(a) 
(b) 
(c) 2-9 =1/24. 
(d) 
(e) 


e) Ifa >1, then x? > x” if and only ifq>r. Ifa <1, then x2? > 2” 


if and only ifq <r. 


Proof. See Exercise 5.6.2. 


We still have to do real exponentiation; in other words, we still have 
to define x¥ where x > 0 and y is a real number - but we will defer that 
until Section 6.7, once we have formalized the concept of limit. 

In the rest of the text we shall now just assume the real numbers to 
obey all the usual laws of algebra, order, and exponentiation. 


— Exercises — 


Exercise 5.6.1. Prove Lemma 5.6.6. (Hints: review the proof of Proposition 
5.5.12. Also, you will find proof by contradiction a useful tool, especially when 
combined with the trichotomy of order in Proposition 5.4.7 and Proposition 
5.4.12. The earlier parts of the lemma can be used to prove later parts of the 
lemma. With part (e), first show that if 2 > 1 then «!/" > 1, and if x < 1 
then «!/" <1.) 


Exercise 5.6.2. Prove Lemma 5.6.9. (Hint: you should rely mainly on Lemma 
5.6.6 and on algebra.) 


Exercise 5.6.3. If x is a real number, show that |x| = (x?)!/?. 


Chapter 6 


Limits of sequences 


6.1 Convergence and limit laws 


In the previous chapter, we defined the real numbers as formal limits 
of rational (Cauchy) sequences, and we then defined various operations 
on the real numbers. However, unlike our work in constructing the 
integers (where we eventually replaced formal differences with actual 
differences) and rationals (where we eventually replaced formal quotients 
with actual quotients), we never really finished the job of constructing 
the real numbers, because we never got around to replacing formal limits 
LIMy-506 Gn, With actual limits lim,_,5.5 a,. In fact, we haven’t defined 
limits at all yet. This will now be rectified. 

We begin by repeating much of the machinery of ¢-close sequences, 
etc. again - but this time, we do it for sequences of real numbers, not 
rational numbers. Thus this discussion will supercede what we did in 
the previous chapter. First, we define distance for real numbers: 


Definition 6.1.1 (Distance between two real numbers). Given two real 
numbers x and y, we define their distance d(x, y) to be d(x, y) := |x—y|. 


Clearly this definition is consistent with Definition 4.3.2. Further, 
Proposition 4.3.3 works just as well for real numbers as it does for ra- 
tionals, because the real numbers obey all the rules of algebra that the 
rationals do. 


Definition 6.1.2 (¢-close real numbers). Let ¢ > 0 be a real number. 
We say that two real numbers 2, y are €-close iff we have d(y,x) <. 


Again, it is clear that this definition of ¢-close is consistent with 
Definition 4.3.4. 
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Now let (an,)°2,, be a sequence of real numbers; i.e., we assign a 
real number ay, for every integer n > m. The starting index m is some 
integer; usually this will be 1, but in some cases we will start from some 
index other than 1. (The choice of label used to index this sequence is 
unimportant; we could use for instance (a,z)?°,,, and this would represent 
exactly the same sequence as (a,)°2,,,.) We can define the notion of a 
Cauchy sequence in the same manner as before: 


Definition 6.1.3 (Cauchy sequences of reals). Let ¢ > 0 be a real 
number. A sequence (@,)°°_, of real numbers starting at some integer 
index N is said to be e-steady iff a; and a, are e-close for every j,k > N. 
A sequence (a,)°2,,, starting at some integer index m is said to be 
eventually e-steady iff there exists an N > m such that (an)? is 
e-steady. We say that (a,,)°2,, is a Cauchy sequence iff it is eventually 


e-steady for every € > 0. 


To put it another way, a sequence (a,)°2,,, of real numbers is a 
Cauchy sequence if, for every real ¢ > 0, there exists an N > m such that 
|an — Qn’| < € for all n,n’ > N. These definitions are consistent with the 
corresponding definitions for rational numbers (Definitions 5.1.3, 5.1.6, 
5.1.8), although verifying consistency for Cauchy sequences takes a little 
bit of care: 


Proposition 6.1.4. Let (a,)°2,,, be a sequence of rational numbers 
starting at some integer index m. Then (an)°,, is a Cauchy sequence 
in the sense of Definition 5.1.8 if and only if it is a Cauchy sequence in 


the sense of Definition 6.1.38. 


Proof. Suppose first that (a,)°@,, is a Cauchy sequence in the sense 
of Definition 6.1.3; then it is eventually ¢-steady for every real € > 0. 
In particular, it is eventually ¢-steady for every rational ¢ > 0, which 
makes it a Cauchy sequence in the sense of Definition 5.1.8. 

Now suppose that (a,,)°2,,, is a Cauchy sequence in the sense of 
Definition 5.1.8; then it is eventually e-steady for every rational € > 0. 
If ¢ > 0 is a real number, then there exists a rational ¢’ > 0 which is 
smaller than ¢, by Proposition 5.4.12. Since ¢’ is rational, we know that 
(Gn)-m is eventually e’-steady; since e’ < ¢, this implies that (a,)°,,, 
is eventually ¢-steady. Since € is an arbitrary positive real number, we 
thus see that (a,,)°2,, is a Cauchy sequence in the sense of Definition 
6.1.3. 
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Because of this proposition, we will no longer care about the distinc- 
tion between Definition 5.1.8 and Definition 6.1.3, and view the concept 
of a Cauchy sequence as a single unified concept. 

Now we talk about what it means for a sequence of real numbers to 
converge to some limit L. 


Definition 6.1.5 (Convergence of sequences). Let ¢ > 0 be a real num- 
ber, and let L be a real number. A sequence (a@,,)°2_y of real numbers 
is said to be e-close to L iff ay is e-close to L for every n > N, i.e., we 
have |a, — L| < € for every n > N. We say that a sequence (a,,)°—,, 
is eventually e-close to L iff there exists an N > m such that (an)? a, 
is e-close to L. We say that a sequence (a,)?2,,, converges to L iff it is 
eventually e-close to LE for every real ¢ > 0. 


One can unwrap all the definitions here and write the concept of 
convergence more directly; see Exercise 6.1.2. 


Examples 6.1.6. The sequence 
0.9, 0.99, 0.999, 0.9999, ... 


is 0.1-close to 1, but is not 0.01-close to 1, because of the first element of 
the sequence. However, it is eventually 0.01-close to 1. In fact, for every 
real € > 0, this sequence is eventually ¢-close to 1, hence is convergent 
to 1. 

Proposition 6.1.7 (Uniqueness of limits). Let (an)°2,, be a real se- 
quence starting at some integer index m, and let L # L' be two distinct 
real numbers. Then it is not possible for (an)°,, to converge to L while 
also converging to L’. 


Proof. Suppose for sake of contradiction that (an)°2,, was converging 


to both L and L’. Let ¢ = |L—L’|/3; note that € is positive since L £ L’. 
Since (a,)°2,,, converges to L, we know that (a,)°2,, is eventually e- 
close to L; thus there is an N > m such that d(an,L) < ¢ for alln > N. 
Similarly, there is an M > m such that d(an,L’) < € for alln > M. 
In particular, if we set n := max(N,M), then we have d(a,,L) < € 
and d(an,L’) < ¢, hence by the triangle inequality d(L,L’') < 2e = 
2|L — L'|/3. But then we have |Z — L’| < 2|L — L’|/3, which contradicts 
the fact that |Z — L’| > 0. Thus it is not possible to converge to both L 
and L’. 
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Now that we know limits are unique, we can set up notation to 
specify them: 


Definition 6.1.8 (Limits of sequences). If a sequence (a,,) 
verges to some real number L, we say that (a,)°2,, 
that its limit is L; we write 


oe) 
hem cOn- 


is convergent and 


L= lim ap 
N+ Oo 
to denote this fact. If a sequence (an)°°,,, is not converging to any real 
number L, we say that the sequence (a,)°2,,, is divergent and we leave 
limp oo Gn, undefined. 


Note that Proposition 6.1.7 ensures that a sequence can have at most 
one limit. Thus, if the limit exists, it is a single real number, otherwise 
it is undefined. 


Remark 6.1.9. The notation limps. 4, does not give any indication 
about the starting index m of the sequence, but the starting index is 
irrelevant (Exercise 6.1.3). Thus in the rest of this discussion we shall 
not be too careful as to where these sequences start, as we shall be 
mostly focused on their limits. 


We sometimes use the phrase “a, > x as n — oo” as an alternate 
way of writing the statement “(an)?~,,, converges to x”. Bear in mind, 
though, that the individual statements a, — x and n > oo do not have 
any rigorous meaning; this phrase is just a convention, though of course 


a very suggestive one. 


Remark 6.1.10. The exact choice of letter used to denote the index 
(in this case n) is irrelevant: the phrase limy_,.. dn has exactly the same 
meaning as limz_5o9 ax, for instance. Sometimes it will be convenient to 
change the label of the index to avoid conflicts of notation; for instance, 
we might want to change n to k because n is simultaneously being used 
for some other purpose, and we want to reduce confusion. See Exercise 
6.1.4. 


As an example of a limit, we present 
Proposition 6.1.11. We have lim... 1/n = 0. 


Proof. We have to show that the sequence (a,,)?2., converges to 0, where 
Gy, := 1/n. In other words, for every ¢ > 0, we need to show that the 
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sequence (a,)°2, is eventually e-close to 0. So, let ¢ > 0 be an arbitrary 


real number. We have to find an N such that |a, — 0| < e for every 
n> WN. But ifn > N, then 


lan — O| = |1/n—O0| =1/n<1/N. 


Thus, if we pick N > 1/e (which we can do by the Archimedean prin- 
ciple), then 1/N < e, and so (an)°° y is e-close to 0. Thus (an)?2, 
is eventually ¢-close to 0. Since ¢ was arbitrary, (a,)°°, converges 


to 0. 


Proposition 6.1.12 (Convergent sequences are Cauchy). Suppose that 
(An)rom ts a convergent sequence of real numbers. Then (an)°,,, is also 
a Cauchy sequence. 


Proof. See Exercise 6.1.5. 


Example 6.1.13. The sequence 1,—1,1,—1,1,—1,... is not a Cauchy 
sequence (because it is not eventually 1-steady), and is hence not a 
convergent sequence, by Proposition 6.1.12. 


Remark 6.1.14. For a converse to Proposition 6.1.12, see Theorem 
6.4.18 below. 


Now we show that formal limits can be superceded by actual limits, 
just as formal subtraction was superceded by actual subtraction when 
constructing the integers, and formal division superceded by actual di- 
vision when constructing the rational numbers. 


Proposition 6.1.15 (Formal limits are genuine limits). Suppose that 
(Gn)°, is a Cauchy sequence of rational numbers. Then (an)?21 con- 
verges to LIMy-3o0 Gn, 1.€. 


LIMy-500 Qn = lim apy. 
n—- Ooo 


Proof. See Exercise 6.1.6. 


Definition 6.1.16 (Bounded sequences). A sequence (a;,)°2,,, of real 


numbers is bounded by a real number M iff we have |a,| < M for all 
n >m. We say that (an)°?~,,, is bounded iff it is bounded by M for some 
real number M > 0. 
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This definition is consistent with Definition 5.1.12; see Exercise 6.1.7. 

Recall from Lemma 5.1.15 that every Cauchy sequence of rational 
numbers is bounded. An inspection of the proof of that Lemma shows 
that the same argument works for real numbers; every Cauchy sequence 
of real numbers is bounded. In particular, from Proposition 6.1.12 we 
see have 


Corollary 6.1.17. Every convergent sequence of real numbers is 
bounded. 


Example 6.1.18. The sequence 1,2,3,4,5,... is not bounded, and 
hence is not convergent. 


We can now prove the usual limit laws. 


Theorem 6.1.19 (Limit Laws). Let (a,)°2,, and (bn)°Z,,, be con- 
vergent sequences of real numbers, and let x,y be the real numbers 


LZ := liMp-500 Gn and y := limp_so9 Dyn. 
(a) The sequence (dn + bn)? converges tox + y; in other words, 


lim (a@n + bp) = lim a, + lim bp. 
nN Co NCO noo 


(b) The sequence (adnbn)°@,,, converges to xy; in other words, 


=m 


poe) se) ae 


(c) For any real number c, the sequence (can)°_,, converges to cx; in 
other words, 


lim (ca,) =c lim ap. 
N+ OCo Noo 


(d) The sequence (ap — bn)% 


pm converges to x — y; in other words, 


lim (an — bn) = lim ap, — lim bp. 
n-Cco n> co nN—- Oo 


(e) Suppose that y 4 0, and that b, 4 0 for alln > m. Then the 


sequence (b,1)°<,, converges to y—!; in other words, 


lites Be SC Han 7 
MOO Noo 
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(f) Suppose that y 4 0, and that b, #4 0 for alln > m. Then the 
sequence (An/bn)?,, converges to x/y; in other words, 

li an littin=550.0n 

im = 


(g) The sequence (max(an,bpn))°2,,, converges to max(x,y); in other 
words, 
lim max(dp, bp) = max( lim ap, lim by). 
N00 N00 n—-0o 


(h) The sequence (min(an,bn))°,, converges to min(x,y); in other 
words, 
lim min(dn, bn) = min( lim ap, lim bp). 
N00 N00 noo 


Proof. See Exercise 6.1.8. 


— Exercises — 


Exercise 6.1.1. Let (an)°, be a sequence of real numbers, such that an41 > an 
for each natural number n. Prove that whenever n and m are natural numbers 
such that m > n, then we have an, > an. (We refer to these sequences as 
increasing sequences. ) 


Exercise 6.1.2. Let (a,,)°2,,, be a sequence of real numbers, and let L be a real 
number. Show that (a,,)°°,,, converges to L if and only if, given any real < > 0, 
one can find an N > m such that |a, — L| < ¢ for alln > N. 


Exercise 6.1.3. Let (a,)?2,, be a sequence of real numbers, let c be a real 
number, and let m’ > m be an integer. Show that (a,)°Z,, converges to c if 
and only if (an)?2,,, converges to c. 

Exercise 6.1.4. Let (a,)?2,,, be a sequence of real numbers, let c be a real 
number, and let k > 0 be a non-negative integer. Show that (a,,)°,,, converges 
to c if and only if (@n4x)°,, converges to c. 


Exercise 6.1.5. Prove Proposition 6.1.12. (Hint: use the triangle inequality, or 
Proposition 4.3.7.) 


Exercise 6.1.6. Prove Proposition 6.1.15, using the following outline. Let 
(dn)-», be a Cauchy sequence of rationals, and write D := LIMy-..0dn. We 
have to show that (ap)°Z,, converges to L. Let « > 0. Assume for sake of 
contradiction that sequence a, is not eventually e-close to L. Use this, and the 
fact that (a,)°~,,, is Cauchy, to show that there is an N > m such that either 


Qn > L+e/2 for alln > N, or a, < L—¢/2 for alln > N. Then use Exercise 
5.4.8. 


Exercise 6.1.7. Show that Definition 6.1.16 is consistent with Definition 5.1.12 
(i.e., prove an analogue of Proposition 6.1.4 for bounded sequences instead of 
Cauchy sequences). 
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Exercise 6.1.8. Prove Theorem 6.1.19. (Hint: you can use some parts of the 
theorem to prove others, e.g., (b) can be used to prove (c); (a),(c) can be used 
to prove (d); and (b), (e) can be used to prove (f). The proofs are similar to 
those of Lemma 5.3.6, Proposition 5.3.10, and Lemma 5.3.15. For (e), you may 
need to first prove the auxiliary result that any sequence whose elements are 
non-zero, and which converges to a non-zero limit, is bounded away from zero.) 


Exercise 6.1.9. Explain why Theorem 6.1.19(f) fails when the limit of the de- 
nominator is 0. (To repair that problem requires L’Hépital’s rule, see Section 
10.5.) 

Exercise 6.1.10. Show that the concept of equivalent Cauchy sequence, as de- 
fined in Definition 5.2.6, does not change if € is required to be positive real in- 
stead of positive rational. More precisely, if (a,)°2p» and (b,)°2, are sequences 
of reals, show that (a,)°2 9 and (b,)°2» are eventually e-close for every ratio- 
nal c > 0 if and only if they are eventually ¢-close for every real « > 0. (Hint: 
modify the proof of Proposition 6.1.4.) 


6.2 The Extended real number system 


There are some sequences which do not converge to any real number, 
but instead seem to be wanting to converge to +00 or —oo. For instance, 
it seems intuitive that the sequence 


se WO ee 


should be converging to +00, while 


12a ad at 3 
should be converging to —oo. Meanwhile, the sequence 
je is bees (Ps es 


does not seem to be converging to anything (although we shall see later 
that it does have +1 and —1 as “limit points” - see below). Similarly 
the sequence 

ie ee ee ee 


does not converge to any real number, and also does not appear to be 
converging to +oo or converging to —co. To make this precise we need 
to talk about something called the extended real number system. 


Definition 6.2.1 (Extended real number system). The extended real 
number system R* is the real line R with two additional elements at- 
tached, called +oo and —oo. These elements are distinct from each other 
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and also distinct from every real number. An extended real number 2 is 
called finite iff it is a real number, and infinite iff it is equal to +00 or 
—oo. (This definition is not directly related to the notion of finite and 
infinite sets in Section 3.6, though it is of course similar in spirit.) 


These new symbols, +oo and —oo, at present do not have much 
meaning, since we have no operations to manipulate them (other than 
equality = and inequality 4). Now we place a few operations on the 
extended real number system. 


Definition 6.2.2 (Negation of extended reals). The operation of nega- 
tion x + —2z on R, we now extend to R* by defining —(+00) := —oo 
and —(—oo) := +00. 


Thus every extended real number x has a negation, and —(—2) is 
always equal to 2. 


Definition 6.2.3 (Ordering of extended reals). Let 7 and y be extended 
real numbers. We say that x < y, i.e., x is less than or equal to y, iff 
one of the following three statements is true: 


(a) x and y are real numbers, and xz < y as real numbers. 
(b) y = +00. 
(c) x = —oo. 


We say that « < y if we have x < y and x # y. We sometimes write 
ar<yasy>u,anda<yasy>uz. 


Examples 6.2.4. 3 <5, 3 < +00, and —oo < +00, but 3 £ —oo. 


Some basic properties of order and negation on the extended real 
number system: 


Proposition 6.2.5. Let x, y, z be extended real numbers. Then the 
following statements are true: 


(a) (Reflexivity) We have x < x. 


(b) (Trichotomy) Exactly one of the statements x <y,x=y, orxz>y 
is true. 
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(c) (Transitivity) Ifa <y and y < z, then a < z. 


(d) (Negation reverses order) If x < y, then —y < —a. 


Proof. See Exercise 6.2.1. 


One could also introduce other operations on the extended real num- 
ber system, such as addition, multiplication, etc. However, this is some- 
what dangerous as these operations will almost certainly fail to obey 
the familiar rules of algebra. For instance, to define addition it seems 
reasonable (given one’s intuitive notion of infinity) to set +oo+5 = +00 
and +oo +3 = +00, but then this implies that +oo+5 = +o0+3, while 
5 # 3. So things like the cancellation law begin to break down once 
we try to operate involving infinity. To avoid these issues we shall sim- 
ply not define any arithmetic operations on the extended real number 
system other than negation and order. 

Remember that we defined the notion of supremum or least upper 
bound of a set EF of reals; this gave an extended real number sup(£), 
which was either finite or infinite. We now extend this notion slightly. 


Definition 6.2.6 (Supremum of sets of extended reals). Let E be a 
subset of R*. Then we define the supremum sup(£) or least upper 
bound of E by the following rule. 


(a) If E is contained in R (i.e., +oo and —co are not elements of F), 
then we let sup(£) be as defined in Definition 5.5.10. 


(b) If E contains +oo, then we set sup(E£) := +00. 


(c) If E does not contain +oo but does contain —oo, then we set 
sup(F) := sup(£\{—oo}) (which is a subset of R and thus falls 
under case (a)). 


We also define the infimum inf(E) of E (also known as the greatest 
lower bound of E by the formula 


inf(£) := — sup(—E) 


where —£ is the set —E := {-2: 2 € E}. 
Example 6.2.7. Let E be the negative integers, together with —oo: 


BAS 5 Big Steet 


136 6. Limits of sequences 


Then sup(£) = sup(£\{—oo}) = —1, while 
inf(£) = —sup(—£) = —(+00) = —o. 


Example 6.2.8. The set {0.9, 0.99, 0.999, 0.9999, ...} has infimum 0.9 
and supremum 1. Note that in this case the supremum does not actually 
belong to the set, but it is in some sense “touching it” from the right. 


Example 6.2.9. The set {1, 2, 3, 4,5...} has infimum 1 and supremum 
+00. 


Example 6.2.10. Let F be the empty set. Then sup(£) = —oo and 
inf(E)) = +00 (why?). This is the only case in which the supremum can 
be less than the infimum (why?). 


One can intuitively think of the supremum of E as follows. Imagine 
the real line with +oo somehow on the far right, and —oo on the far 
left. Imagine a piston at +oo moving leftward until it is stopped by the 
presence of a set E; the location where it stops is the supremum of E. 
Similarly if one imagines a piston at —co moving rightward until it is 
stopped by the presence of FE, the location where it stops is the infimum 
of E. In the case when FE is the empty set, the pistons pass through 
each other, the supremum landing at —oo and the infimum landing at 
+00. 

The following theorem justifies the terminology “least upper bound” 
and “greatest lower bound”: 


Theorem 6.2.11. Let E be a subset of R*. Then the following state- 
ments are true. 


(a) For every x € E we have x < sup(£) and x > inf(£). 


(b) Suppose that M € R* is an upper bound for E, t.e., x < M for all 
x € E. Then we have sup(E) < M. 


(c) Suppose that M € R* is a lower bound for E, t.e., x > M for all 
x € E. Then we have inf(£) > M. 


Proof. See Exercise 6.2.2. 


— Exercises — 
Exercise 6.2.1. Prove Proposition 6.2.5. (Hint: you may need Proposition 
5.4.7.) 
Exercise 6.2.2. Prove Theorem 6.2.11. (Hint: you may need to break into 
cases depending on whether +oo or —oo belongs to E. You can of course use 
Definition 5.5.10, provided that E consists only of real numbers.) 
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6.3. Suprema and Infima of sequences 


Having defined the notion of a supremum and infimum of sets of reals, 
we can now also talk about the supremum and infimum of sequences. 


Definition 6.3.1 (Sup and inf of sequences). Let (an)?,,, be a sequence 
of real numbers. Then we define sup(a,)7~,,, to be the supremum of the 
set {a, : n > mb}, and inf(a,)°,,, to the infimum of the same set 
{an nm}, 


Remark 6.3.2. The quantities sup(a,)°°,,, and inf(a,,)°2.,, are some- 
times written as SUP;> m,n and infp>m Gn respectively. 


Example 6.3.3. Let a, := (—1)"; thus (a,)°2, is the sequence 
—1,1,-1,1,..... Then the set {an : n > 1} is just the two-element 
set {—1,1}, and hence sup(a,)°2, is equal to 1. Similarly inf(a,,)°°, is 
equal to —1. 

Example 6.3.4. Let a, := 1/n; thus (an)72, is the sequence 
1,1/2,1/3,..... Then the set {a, : n > 1} is the countable set 
{1,1/2,1/3,1/4,...}. Thus sup(a,)?2, = 1 and inf(a,)°2, = 0 (Exer- 


cise 6.3.1). Notice here that the infimum of the sequence is not actually 
a member of the sequence, though it becomes very close to the sequence 
eventually. (So it is a little inaccurate to think of the supremum and 
infimum as the “largest element of the sequence” and “smallest element 
of the sequence” respectively. ) 


Example 6.3.5. Let ay, := n; thus (a,)°°, is the sequence 1, 2, 3, 4,.... 
Then the set {a, : n > 1} is just the positive integers {1,2,3,4,...}. 
Then sup(@n,)?°, = +00 and inf(a,)°°, = 1. 


As the last example shows, it is possible for the supremum or infimum 
of a sequence to be +oo or —oo. However, if a sequence (a,)°,, is 
bounded, say bounded by M, then all the elements ay, of the sequence 
lie between —M and M, so that the set {a, :n > m} has M as an upper 
bound and —M as a lower bound. Since this set is clearly non-empty, 
we can thus conclude that the supremum and infimum of a bounded 
sequence are real numbers (i.e., not +00 and —oo). 


(oe) 


Proposition 6.3.6 (Least upper bound property). Let (a,)?2,,, be a 
sequence of real numbers, and let x be the extended real number x := 
sup(an)ro,- Then we have a, < x for alln > m. Also, whenever 
M € R* is an upper bound for ay (i.€., An < M for alln > m), we 
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havex <M. Finally, for every extended real number y for which y < x, 
there exists at least onen > ™m for which y < an < x. 


Proof. See Exercise 6.3.2. 


Remark 6.3.7. There is a corresponding Proposition for infima, but 
with all the references to order reversed, e.g., all upper bounds should 
now be lower bounds, etc. The proof is exactly the same. 


Now we give an application of these concepts of supremum and in- 
fimum. In the previous section we saw that all convergent sequences 
are bounded. It is natural to ask whether the converse is true: are 
all bounded sequences convergent? The answer is no; for instance, the 
sequence 1, —1,1, —-1,... is bounded, but not Cauchy and hence not con- 
vergent. However, if we make the sequence both bounded and monotone 
(i.e., increasing or decreasing), then it is true that it must converge: 


Proposition 6.3.8 (Monotone bounded sequences converge). Let 
(An)pom be a sequence of real numbers which has some finite upper bound 
M ER, and which is also increasing (1.€., Qn41 > Gn for alln > m). 
Then (dn)pom 18 convergent, and in fact 


lint, Sipla; je = M1: 
N+ 0o 


Proof. See Exercise 6.3.3. 


One can similarly prove that if a sequence (a,,)°,,, is bounded below 
and decreasing (i.e., @n41 < ap), then it is convergent, and that the limit 
is equal to the infimum. 

A sequence is said to be monotone if it is either increasing or de- 
creasing. From Proposition 6.3.8 and Corollary 6.1.17 we see that a 
monotone sequence converges if and only if it is bounded. 


Example 6.3.9. The sequence 3, 3.1, 3.14, 3.141, 3.1415,... is increas- 
ing, and is bounded above by 4. Hence by Proposition 6.3.8 it must have 
a limit, which is a real number less than or equal to 4. 


Proposition 6.3.8 asserts that the limit of a monotone sequence exists, 
but does not directly say what that limit is. Nevertheless, with a little 
extra work one can often find the limit once one is given that the limit 
does exist. For instance: 


Proposition 6.3.10. Let0<2<1. Then we have limp... 2" = 0. 
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Proof. Since 0 < x < 1, one can show that the sequence (x")°°, is 


decreasing (why?). On the other hand, the sequence (x”)?°_, has a lower 
bound of 0. Thus by Proposition 6.3.8 (for infima instead of suprema) 
the sequence (x")°°, converges to some limit L. Since x"*! = «x 2”, we 
thus see from the limit laws (Theorem 6.1.19) that (2”*1)°<, converges 
to eL. But the sequence (x"+!)°°, is just the sequence (x”)°°, shifted 
by one, and so they must have the same limits (why?). So rl = L. 
Since x # 1, we can solve for L to obtain L = 0. Thus (#”)°°_, converges 


to 0. 


Note that this proof does not work when x > 1 (Exercise 6.3.4). 


— Exercises — 
Exercise 6.3.1. Verify the claim in Example 6.3.4. 
Exercise 6.3.2. Prove Proposition 6.3.6. (Hint: use Theorem 6.2.11.) 
Exercise 6.3.3. Prove Proposition 6.3.8. (Hint: use Proposition 6.3.6, to- 
gether with the assumption that a, is increasing, to show that a, converges to 
suP(Gn)n=m:) 
Exercise 6.3.4. Explain why Proposition 6.3.10 fails when « > 1. In fact, show 
that the sequence (1”)°°_, diverges when x > 1. (Hint: prove by contradiction 
and use the identity (1/z)"2" = 1 and the limit laws in Theorem 6.1.19.) 
Compare this with the argument in Example 1.2.3; can you now explain the 
flaws in the reasoning in that example? 


6.4 Limsup, Liminf, and limit points 
Consider the sequence 
1.1, —1.01, 1.001, —1.0001, 1.00001,.... 


If one plots this sequence, then one sees (informally, of course) that 
this sequence does not converge; half the time the sequence is getting 
close to 1, and half the time the sequence is getting close to -1, but it is 
not converging to either of them; for instance, it never gets eventually 
1/2-close to 1, and never gets eventually 1/2-close to -1. However, even 
though -1 and +1 are not quite limits of this sequence, it does seem 
that in some vague way they “want” to be limits. To make this notion 
precise we introduce the notion of a limit point. 


Definition 6.4.1 (Limit points). Let (a,)°2,,, be a sequence of real 
numbers, let x be a real number, and let ¢ > 0 be a real number. We 
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say that x is ¢-adherent to (ap)°~,,, iff there exists an n > m such that 
Gn is e-close to x. We say that x is continually e-adherent to (an)? 
iff it is e-adherent to (@,)°2) for every N > m. We say that x is a 
limit point or adherent point of (an)?~,,, iff it is continually ¢-adherent 
to (an)°,, for every € > 0. 


n=mM 


Remark 6.4.2. The verb “to adhere” means much the same as “to stick 
o”; hence the term “adhesive”. 


Unwrapping all the definitions, we see that x is a limit point of 
(an)rm if, for every « > 0 and every N > m, there exists an n > N 
such that ja, — z| < e. (Why is this the same definition?) Note the 
difference between a sequence being ¢-close to LZ (which means that 
all the elements of the sequence stay within a distance ¢ of L) and L 
being ¢-adherent to the sequence (which only needs a single element 
of the sequence to stay within a distance ¢ of L). Also, for L to be 
continually e-adherent to (an)?2,,, it has to be e-adherent to (an)°° a, 
for all N > m, whereas for (a,,)°2,,, to be eventually ¢-close to L, we 
only need (an)°°.,, to be e-close to L for some N > m. Thus there are 
some subtle differences in quantifiers between limits and limit points. 

Note that limit points are only defined for finite real numbers. It 
is also possible to rigorously define the concept of +co or —oo being a 
limit point; see Exercise 6.4.8. 


Example 6.4.3. Let (a,,)°2., denote the sequence 
0.9, 0.99, 0.999, 0.9999, 0.99999, .... 


The number 0.8 is 0.1-adherent to this sequence, since 0.8 is 0.1-close to 
0.9, which is a member of this sequence. However, it is not continually 
0.1-adherent to this sequence, since once one discards the first element 
of this sequence there is no member of the sequence to be 0.1-close to. In 
particular, 0.8 is not a limit point of this sequence. On the other hand, 
the number 1 is 0.1-adherent to this sequence, and in fact is continually 
0.1-adherent to this sequence, since no matter how many initial members 
of the sequence one discards, there is still something for 1 to be 0.1-close 
to. In fact, it is continually c-adherent for every ¢, and is hence a limit 
point of this sequence. 


Example 6.4.4. Now consider the sequence 


1.1, —1.01, 1.001, —1.0001, 1.00001,.... 
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The number 1 is 0.1-adherent to this sequence; in fact it is continually 
0.1-adherent to this sequence, because no matter how many elements of 
the sequence one discards, there are some elements of the sequence that 
1 is 0.1-close to. (As discussed earlier, one does not need all the elements 
to be 0.1-close to 1, just some; thus 0.1-adherent is weaker than 0.1-close, 
and continually 0.1-adherent is a different notion from eventually 0.1- 
close.) In fact, for every ¢ > 0, the number 1 is continually ¢-adherent 
to this sequence, and is thus a limit point of this sequence. Similarly -1 
is a limit point of this sequence; however 0 (say) is not a limit point of 
this sequence, since it is not continually 0.1-adherent to it. 


Limits are of course a special case of limit points: 


Proposition 6.4.5 (Limits are limit points). Let (an)°2,,, be a sequence 
which converges to a real number c. Then c is a limit point of (an)-m; 


and in fact it is the only limit point of (an)> jy). 


Proof. See Exercise 6.4.1. 


Now we will look at two special types of limit points: the limit 
superior (lim sup) and limit inferior (lim inf). 


Definition 6.4.6 (Limit superior and limit inferior). Suppose that 
(Gn)%m is a sequence. We define a new sequence (ay)%?_,, by the 


formula 


aj, := sup(an)y- 


More informally, ar is the supremum of all the elements in the sequence 
from ay onwards. We then define the limit superior of the sequence 
(An)>om, denoted lim sup,,_,,, @n, by the formula 


lim sup @n := inf(a}) Vom: 
N—->O0o 


Similarly, we can define 
ay := inf(an)P_N 


and define the limit inferior of the sequence (an) denoted 


lim infp599 Gn, by the formula 


(oe) 
n=mM) 


lim inf a, := sup(a,,)S_,. 
wee p( w)N=m 
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Example 6.4.7. Let a1, a2,a3,... denote the sequence 
1.1, —1.01, 1.001, —1.0001, 1.00001,.... 
Then ioe Ga ca ... 1s the sequence 
1.1, 1.001, 1.001, 1.00001, 1.00001,... 


(why?), and its infimum is 1. Hence the limit superior of this sequence 
is 1. Similarly, a; ,aj,a3,... is the sequence 


—1.01, —1.01, —1.0001, —1.0001, —1.000001,... 


(why?), and the supremum of this sequence is —1. Hence the limit infe- 
rior of this sequence is —1. One should compare this with the supremum 
and infimum of the sequence, which are 1.1 and —1.01 respectively. 


Example 6.4.8. Let a), a2,a3,... denote the sequence 


19 S45 678 e 


Then af, cae ... 1s the sequence 
+00, +00, +00, +00,... 
(why?) and so the limit superior is +00. Similarly, aj ,az,... is the 


sequence 


OO, —0O, —00, -OO,... 
and so the limit inferior is —oo. 


Example 6.4.9. Let a1, a2,a3,... denote the sequence 
jee a eee ee ees Fe 
Then at, Gay ... is the sequence 
1.0/3, 1/3, V/5 4/5 17%, 2s 


which has an infimum of 0 (why?), so the limit superior is 0. Similarly, 
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a, ,@y,... is the sequence 


1/2, -1/2,-1/4, -1/4, -1/6, —1/6 


which has a supremum of 0. So the limit inferior is also 0. 


Example 6.4.10. Let a1, a2,a3,... denote the sequence 
1,2,3,4,5,6,... 
Then a as ... is the sequence 
+00, +00, +00,... 
so the limit superior is +oo. Similarly, a; ,a9,... is the sequence 
ies ae 


which has a supremum of +00. So the limit inferior is also +oo. 


Remark 6.4.11. Some authors use the notation lim,_,..@,, instead of 
lim sup;_.50 @n, and lim, ,,,@, instead of lim infy_,.. dn. Note that the 
starting index m of the sequence is irrelevant (see Exercise 6.4.2). 


Returning to the piston analogy, imagine a piston at +oo moving 
leftward until it is stopped by the presence of the sequence aj, d,.... 
The place it will stop is the supremum of a1, qa9,a3,..., which in our 
new notation is ar Now let us remove the first element a, from the 
sequence; this may cause our piston to slip leftward, to a new point ae. 
(though in many cases the piston will not move and a} will just be the 
same as a} ). Then we remove the second element az, causing the piston 
to slip a little more. If we keep doing this the piston will keep slipping, 
but there will be some point where it cannot go any further, and this is 
the limit superior of the sequence. A similar analogy can describe the 
limit inferior of the sequence. 

We now describe some basic properties of limit superior and limit 
inferior. 


Proposition 6.4.12. Let (a;,)°,,, be a sequence of real numbers, let L* 
be the limit superior of this sequence, and let L~ be the limit inferior of 
this sequence (thus both L* and L~ are extended real numbers). 


(a) For every x > L*, there exists an N > m such that ay, < x for 
alln > N. (In other words, for every x > L*, the elements of the 
sequence (dn)°~,,, are eventually less than x.) Similarly, for every 
y < L~ there exists an N >m such that ay, > y for alln> WN. 


144 6. Limits of sequences 


(b) For every x < L*, and every N >™m, there exists ann > N such 
that an, > x. (In other words, for every x < L*, the elements 
of the sequence (an)°,, exceed x infinitely often.) Similarly, for 
every y > L~ and every N > ™m, there exists ann > N such that 
Qn <Y- 


(c) We have inf(an)o,, < L~ < Lt < sup(an)e in 


(d) Ifc is any limit point of (an)°,,, then we have L7 <c< Lr. 


n=mM? 


(e) If L* is finite, then it is a limit point of (an)°,- Similarly, if L~ 
is finite, then it is a limit point of (an) im 


(f) Let c be a real number. If (an)? converges to c, then we must 
hove L = Lb =e. Conversely, of LT SL = G then (anes, 
converges to c. 


Proof. We shall prove (a) and (b), and leave the remaining parts to the 
exercises. Suppose first that x > Lt. Then by definition of L*, we 
have x > inf(ay)¥_m- By Psoposinon 6.3.6, there et then exist an 
integer N > m such that x > at wn: By definition of an , this means that 
x > sup(dn)?°.,. Thus by Proposition 6.3.6 again, we have x > a, for 
all n > N, as desired. This proves the first part of (a); the second part 
of (a) is proven similarly. 

Now we prove (b). Suppose that x < Lt. Then we have x < 
inf(ay))%_m- If we fix any N > m, then by Proposition 6.3.6, we thus 
have x < a By definition of aj, this means that x < sup(an) on: By 
Proposition 6.3.6 again, there must thus exist n > N such that a, > x, 
as desired. This proves the first part of (b), the second part of (b) is 
proven similarly. 

The proofs of (c), (d), (e), (f) are left to Exercise 6.4.3. 


Parts (c) and (d) of Proposition 6.4.12 say, in particular, that Lt 
is the largest limit point of (a,)°@,,, and L~ is the smallest limit point 
(providing that Lt and L~ are finite. Proposition 6.4.12 (f) then says 
that if L* and L~ coincide (so there is only one limit point), then 
the sequence in fact converges. This gives a way to test if a sequence 
converges: compute its limit superior and limit inferior, and see if they 
are equal. 

We now give a basic comparison property of limit superior and limit 
inferior. 


6.4. Limsup, Liminf, and limit points 145 


Lemma 6.4.13 (Comparison principle). Suppose that (an)°,, and 
(bn)ro mm are two sequences of real numbers such that an < bn for all 
n>m. Then we have the inequalities 


SUP(Gn)n=m S SUP(bn rm 
Inf (Gy) 5 Ss Ut (De 


lim sup ay, < lim sup by, 
noo noo 


n=m™M 


lim inf a, < lim inf }, 
n—- oo noo 


Proof. See Exercise 6.4.4. 


Corollary 6.4.14 (Squeeze test). Let (an) im, (On)mim, and (Cn 
be sequences of real numbers such that 


Vee 
n=m™M 


Gn S by Gy, 


for alln >m. Suppose also that (an)°2,,, and (Cn)°, both converge to 
the same limit L. Then (bp)°,,, is also convergent to L. 


Proof. See Exercise 6.4.5. 


Example 6.4.15. We already know (see Proposition 6.1.11) that 
limp+ool/n = 0. By the limit laws (Theorem 6.1.19), this also im- 
plies that limp... 2/n = 0 and lim, —2/n = 0. The squeeze test 
then shows that any sequence (b,)°°., for which 


—2/n < bp < 2/n for alln >1 


is convergent to 0. For instance, we can use this to show that the 
sequence (—1)”"/n + 1/n? converges to zero, or that 2~" converges to 
zero. Note one can use induction to show that 0 < 27” < 1/n for all 
n> 1. 


Remark 6.4.16. The squeeze test, combined with the limit laws and the 
principle that monotone bounded sequences always have limits, allows 
to compute a large number of limits. We give some examples in the next 
chapter. 


One commonly used consequence of the squeeze test is 


Corollary 6.4.17 (Zero test for sequences). Let (an)°°_y, be a sequence 
of real numbers. Then the limit limn+5o9 Gn exists and is equal to zero if 
and only if the limit limp_.oo |an| exists and is equal to zero. 
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Proof. See Exercise 6.4.7. 


We close this section with the following improvement to Proposition 
6.1.12. 


Theorem 6.4.18 (Completeness of the reals). A sequence (an)?<, of 
real numbers is a Cauchy sequence if and only if it is convergent. 


Remark 6.4.19. Note that while this is very similar in spirit to Propo- 
sition 6.1.15, it is a bit more general, since Proposition 6.1.15 refers to 
Cauchy sequences of rationals instead of real numbers. 


Proof. Proposition 6.1.12 already tells us that every convergent sequence 
is Cauchy, so it suffices to show that every Cauchy sequence is conver- 
gent. 

Let (@n)?P, be a Cauchy sequence. We know from Lemma 5.1.15 (or 
more precisely, from the extension of this lemma to the real numbers, 
which is proven in exactly the same fashion) that the sequence (a,)°°, 
is bounded; by Lemma 6.4.13 (or Proposition 6.4.12(c)) this implies that 
L~ := liminfp4. dy and Lt := limsup,,_,,, @n of the sequence are both 
finite. To show that the sequence converges, it will suffice by Proposition 
6.4.12(f) to show that L~ = Lr. 

Now let ¢ > 0 be any real number. Since (a,)?2) is a Cauchy 
sequence, it must be eventually ¢-steady, so in particular there exists an 
N > 1 such that the sequence (a,)°° y is e-steady. In particular, we 
have ay — € < dyn < ay +€ for all n > N. By Proposition 6.3.6 (or 
Lemma 6.4.13) this implies that 


an — € <inf(an)p ny < sup(aGn)po ny Sante 
and hence by the definition of Z~ and Lt (and Proposition 6.3.6 again) 
an—-E€<L < Lt <ante. 


Thus we have 
O22 b ae De: 


But this is true for all ¢ > 0, and L* and L~ do not depend on ¢; 
so we must therefore have Lt = L~. (If Lt > L~ then we could set 
e:= (Lt — L~)/3 and obtain a contradiction.) By Proposition 6.4.12(f) 
we thus see that the sequence converges. 
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Remark 6.4.20. In the language of metric spaces (see Chapter B.2), 
Theorem 6.4.18 asserts that the real numbers are a complete metric 
space - that they do not contain “holes” the same way the rationals 
do. (Certainly the rationals have lots of Cauchy sequences which do not 
converge to other rationals; take for instance the sequence 1,1.4,1.41, 
1.414, 1.4142, ... which converges to the irrational /2.) This property is 
closely related to the least upper bound property (Theorem 5.5.9), and is 
one of the principal characteristics which make the real numbers superior 
to the rational numbers for the purposes of doing analysis (taking limits, 
taking derivatives and integrals, finding zeroes of functions, that kind of 
thing), as we shall see in later chapters. 


— Exercises — 
Exercise 6.4.1. Prove Proposition 6.4.5. 


Exercise 6.4.2. State and prove analogues of Exercises 6.1.3 and 6.1.4 for limit 
points, limit superior, and limit inferior. 


Exercise 6.4.3. Prove parts (c),(d),(e),(f) of Proposition 6.4.12. (Hint: you can 
use earlier parts of the proposition to prove later ones.) 


Exercise 6.4.4. Prove Lemma 6.4.13. 
Exercise 6.4.5. Use Lemma 6.4.13 to prove Corollary 6.4.14. 


Exercise 6.4.6. Give an example of two bounded sequences (ay,)°@, and (bn )°2, 
such that an < by, for all n > 1, but that sup(an)°_, £ sup(bn)P2,. Explain 
why this does not contradict Lemma 6.4.13. 


Exercise 6.4.7. Prove Corollary 6.4.17. Is the corollary still true if we replace 
zero in the statement of this Corollary by some other number? 


Exercise 6.4.8. Let us say that a sequence (a,,)°°.,, of real numbers has +00 
as a limit point iff it has no finite upper bound, and that it has —oo as a 
limit point iff it has no finite lower bound. With this definition, show that 
lim sup,,_,o9 @n is a limit point of (ap)°,,, and furthermore that it is larger 
than all the other limit points of (a,,)°° ,,; in other words, the limit superior is 
the largest limit point of a sequence. Similarly, show that the limit inferior is 
the smallest limit point of a sequence. (One can use Proposition 6.4.12 in the 
course of the proof.) 


Exercise 6.4.9. Using the definition in Exercise 6.4.8, construct a sequence 
(a,)°2, which has exactly three limit points, at —oo, 0, and +00. 


Exercise 6.4.10. Let (an)°°y be a sequence of real numbers, and let (bm) °_ ay 
be another sequence of real numbers such that each b,, is a limit point of 
(Gn)°°_y. Let c be a limit point of (b,,)°°_,,. Prove that c is also a limit point 
of (an)°_y. (In other words, limit points of limit points are themselves limit 
points of the original sequence.) 
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6.5 Some standard limits 


Armed now with the limit laws and the squeeze test, we can now compute 
a large number of limits. 

A particularly simple limit is that of the constant sequence 
C,C,C,C,...; we clearly have 


lim c=c 
NOOO 
for any constant c (why?). 
Also, in Proposition 6.1.11, we proved that limp... 1/n = 0. This 
now implies 


L/k 


Corollary 6.5.1. We have limy+.1/n°/" = 0 for every integer k > 1. 


Proof. From Lemma 5.6.6 we know that 1/n/* is a decreasing function 
of n, while being bounded below by 0. By Proposition 6.3.8 (for de- 
creasing sequences instead of increasing sequences) we thus know that 
this sequence converges to some limit L > 0: 
L= lim 1/n'*, 
n—-> oo 


Raising this to the k*” power and using the limit laws (or more precisely, 
Theorem 6.1.19(b) and induction), we obtain 


LF = lim 1/n. 

noo 
By Proposition 6.1.11 we thus have L* = 0; but this means that L 
cannot be positive (else L* would be positive), so L = 0, and we are 
done. 


Some other basic limits: 


Lemma 6.5.2. Let x be a real number. Then the limit limn+. x” exists 
and is equal to zero when |x| < 1, exists and is equal to 1 when x = 1, 
and diverges when x = —1 or when |x| > 1. 


Proof. See Exercise 6.5.2. 


Lemma 6.5.3. For any x > 0, we have limp. gi/n =], 


Proof. See Exercise 6.5.3. 
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We will derive a few more standard limits later on, once we develop 
the root and ratio tests for series and for sequences. 


— Exercises — 


Exercise 6.5.1. Show that lim,+..1/n% = 0 for any rational g > 0. (Hint: 
use Corollary 6.5.1 and the limit laws, Theorem 6.1.19.) Conclude that the 
limit lim,+.. n? does not exist. (Hint: argue by contradiction using Theorem 
6.1.19(e).) 


Exercise 6.5.2. Prove Lemma 6.5.2. (Hint: use Proposition 6.3.10, Exercise 
6.3.4, and the squeeze test.) 


Exercise 6.5.3. Prove Lemma 6.5.3. (Hint: you may need to treat the cases 
x >1andaz <1 separately. You might wish to first use Lemma 6.5.2 to prove 
the preliminary result that for every « > 0 and every real number M > 0, there 
exists an n such that M1/" < 1+.) 


6.6 Subsequences 


This chapter has been devoted to the study of sequences (a7,)°2, of real 
numbers, and their limits. Some sequences were convergent to a single 
limit, while others had multiple limit points. For instance, the sequence 


1.1, 0.1, 1.01, 0.01, 1.001, 0.001, 1.0001,... 


has two limit points at 0 and 1 (which are incidentally also the lim inf 
and lim sup respectively), but is not actually convergent (since the lim 
sup and lim inf are not equal). However, while this sequence is not 
convergent, it does appear to contain convergent components; it seems 
to be a mixture of two convergent subsequences, namely 


Lie TOT 0012: 


and 
0.1,0.01,0.001,.... 


To make this notion more precise, we need a notion of subsequence. 


Definition 6.6.1 (Subsequences). Let (@n)°2.9 and (bn )?°.9 be sequences 
of real numbers. We say that (b,)?2.9 is a subsequence of (an)72 9 iff 
there exists a function f : N — N which is strictly increasing (i.e., 
f(n+1) > f(n) for all n € N) such that 


bn = af(n) for alln EN. 
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Example 6.6.2. If (a,)°29 is a sequence, then (agn)°29 is a subse- 
quence of (an)72.,, since the function f : N — N defined by f(n) := 2n 
is a strictly increasing function from N to N. Note that we do not as- 
sume f to be bijective, although it is necessarily injective (why?). More 
informally, the sequence 


a0, 42,44,46,..-- 


is a subsequence of 
a0, 41, 42,43, 44,...- 


Example 6.6.3. The two sequences 


(DAO 100K: 


and 
0.1,0.01,0.001,... 


mentioned earlier are both subsequences of 
1.1, 0.1, 1.01, 0.01, 1.001, 1.0001,... 


The property of being a subsequence is reflexive and transitive, 
though not symmetric: 


Lemma 6.6.4. Let (dn)?29, (bn)P2o9, and (cn)% 9 be sequences of real 
numbers. Then (an), is a subsequence of (dn)°%29-. Furthermore, if 
(bn )72.9 is a subsequence of (an)°29, and (cp)P2_ is a subsequence of 
(bn )°29, then (cn)P29 is a subsequence of (an)>2o. 


Proof. See Exercise 6.6.1. 


We now relate the concept of subsequences to the concept of limits 
and limit points. 


Proposition 6.6.5 (Subsequences related to limits). Let (an)P29 be a 
sequence of real numbers, and let L be a real number. Then the following 
two statements are logically equivalent (each one implies the other): 


(a) The sequence (an)?2.9 converges to L. 


(b) Every subsequence of (dn)? 9 converges to L. 


Proof. See Exercise 6.6.4. 
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Proposition 6.6.6 (Subsequences related to limit points). Let (an)? 
be a sequence of real numbers, and let L be a real number. Then the 
following two statements are logically equivalent. 


(a) L is a limit point of (an)P-o- 


(b) There exists a subsequence of (Gn)°29 which converges to L. 


Proof. See Exercise 6.6.5. 


Remark 6.6.7. The above two propositions give a sharp contrast be- 
tween the notion of a limit, and that of a limit point. When a sequence 
has a limit L, then all subsequences also converge to L. But when a 
sequence has LE as a limit point, then only some subsequences converge 
to L. 


We can now prove an important theorem in real analysis, due to 
Bernard Bolzano (1781-1848) and Karl Weierstrass (1815-1897): every 
bounded sequence has a convergent subsequence. 


Theorem 6.6.8 (Bolzano-Weierstrass theorem). Let (an)°29 be a 
bounded sequence (i.e., there exists a real number M > 0 such that 
lan| < M for alln € N). Then there is at least one subsequence of 
(Gn)°2.9 which converges. 


Proof. Let L be the limit superior of the sequence (ap,)?°.9. Since we have 
—M <a, < M for all natural numbers n, it follows from the comparison 
principle (Lemma 6.4.13) that —M < L < M. In particular, L is a real 
number (not +co or —oo). By Proposition 6.4.12(e), L is thus a limit 
point of (a,)°29. Thus by Proposition 6.6.6, there exists a subsequence 
of (an)?2.9 which converges (in fact, it converges to L). 


Note that we could as well have used the limit inferior instead of the 
limit superior in the above argument. 


Remark 6.6.9. The Bolzano-Weierstrass theorem says that if a se- 
quence is bounded, then eventually it has no choice but to converge 
in some places; it has “no room” to spread out and stop itself from 
acquiring limit points. It is not true for unbounded sequences; for in- 
stance, the sequence 1,2,3,... has no convergent subsequences whatso- 
ever (why?). In the language of topology, this means that the interval 
{x €R:-—M <2 < M} is compact, whereas an unbounded set such as 
the real line R is not compact. The distinction between compact sets 
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and non-compact sets will be very important in later chapters - of similar 
importance to the distinction between finite sets and infinite sets. 


— Exercises — 
Exercise 6.6.1. Prove Lemma 6.6.4. 


Exercise 6.6.2. Can you find two sequences (a,,)°29 and (b,)°, which are not 
the same sequence, but such that each is a subsequence of the other? 
Exercise 6.6.3. Let (an)%29 be a sequence which is not bounded. Show that 
there exists a subsequence (b,)°29 of (@n)°2> such that limp. 1/by, exists 
and is equal to zero. (Hint: for each natural number Jj, recursively introduce 
the quantity n; := min{n € N: ja,| > j;n > nj-1} (omitting the condition 
n > nj;—1 when j = 0), first explaining why the set {n € N: |a,| > j3;n > nj-i} 
is non-empty. Then set bj := dn,.) 

Exercise 6.6.4. Prove Proposition 6.6.5. (Note that one of the two implications 
has a very short proof.) 

Exercise 6.6.5. Prove Proposition 6.6.6. (Hint: to show that (a) implies (b), 
define the numbers n,; for each natural numbers j by the formula n,; := min{n > 
Nj—1 : |an — L| < 1/7}, with the convention no := 0, explaining why the set 
{n > nj—1: |a@n — L| < 1/7} is non-empty. Then consider the sequence ap, .) 


6.7 Real exponentiation, part II 


We finally return to the topic of exponentiation of real numbers that we 
started in Section 5.6. In that section we defined x? for all rational q 
and positive real numbers x, but we have not yet defined x* when a is 
real. We now rectify this situation using limits (in a similar way as to 
how we defined all the other standard operations on the real numbers). 
First, we need a lemma: 


Lemma 6.7.1 (Continuity of exponentiation). Let x > 0, and let a be a 
real number. Let (qn)7—1 be any sequence of rational numbers converging 
to a. Then (x%”)°°, is also a convergent sequence. Furthermore, if 
(qj,)°21 ts any other sequence of rational numbers converging to a, then 
(a%)°, has the same limit as (a), : 


lim 2” = lim 2, 

Noo N—- Oo 
Proof. There are three cases: x <1, x =1, and zx > 1. The case x = 1 
is rather easy (because then x? = 1 for all rational q). We shall just do 
the case x > 1, and leave the case x < 1 (which is very similar) to the 
reader. 
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Let us first prove that (#%”)°2, converges. By Proposition 6.4.18 it 
is enough to show that (x%”)°°, is a Cauchy sequence. 

To do this, we need to estimate the distance between x and x2; 
let us say for the time being that gq, > qm, so that +” > x%™ (since 


x > 1). We have 
d(x , 2) = 7% — 7m = xIm (ere ae = 1D). 


Since (qn)? is a convergent sequence, it has some upper bound M; 
since x > 1, we have x1?” < a™. Thus 


d(x™, at) = |a — g| < aM (g4n—am —1). 


Now let ¢ > 0. We know by Lemma 6.5.3 that the sequence (a!/*)% | 
is eventually ex~™-close to 1. Thus there exists some K > 1 such that 


leV* Sieg. 


Now since (gn)°2, is convergent, it is a Cauchy sequence, and so there 
is an N > 1 such that gq, and qm are 1/K-close for alln,m > N. Thus 
we have 


d(x%, 2%) = ao (gan—4m _ 1) < aM (gk =1)<a@ex™ =< 


for every n,m > N such that gn > dm. By symmetry we also have this 
bound when n,m > N and gn < dm. Thus the sequence (x9”)°°_y, is e- 
steady. Thus the sequence (x )°°_, is eventually ¢-steady for every € > 
0, and is thus a Cauchy sequence as desired. This proves the convergence 
of (et } 2.5. 

Now we prove the second claim. It will suffice to show that 


lim at—% = 1, 
Nn—>co 


since the claim would then follow from limit laws (since 7” = 
rm—Ing In), 

Write rn := dn — G,; by limit laws we know that (r,,)°2, converges 
to 0. We have to show that for every « > 0, the sequence (x%7")°° 
is eventually ¢-close to 1. But from Lemma 6.5.3 we know that the 
sequence (al/ Rypeus is eventually e-close to 1. Since limg_,,, «~!/* is also 
equal to 1 by Lemma 6.5.3, we know that Ga Ue. is also eventually 
e-close to 1. Thus we can find a K such that 2!/* and a~!/* are both e- 
close to 1. But since (r;,)?2_, is convergent to 0, it is eventually 1/K-close 
to 0, so that eventually —1/K <r, < 1/K, and thus glk < gin < 
x/K | In particular x” is also eventually <-close to 1 (see Proposition 
4.3.7(f)), as desired. 
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We may now make the following definition. 


Definition 6.7.2 (Exponentiation to a real exponent). Let x > 0 be 
real, and let @ be a real number. We define the quantity 7° by the 
formula z* = limp #%”, where (gn)°2, is any sequence of rational 
numbers converging to a. 


Let us check that this definition is well-defined. First of all, given 
any real number a we always have at least one sequence (qn)?°, of 
rational numbers converging to a, by the definition of real numbers 
(and Proposition 6.1.15). Secondly, given any such sequence (qn)724, 
the limit limy_..5 7% exists by Lemma 6.7.1. Finally, even though there 
can be multiple choices for the sequence (q,)°°,, they all give the same 
limit by Lemma 6.7.1. Thus this definition is well-defined. 

If a is not just real but rational, i.e., a = q for some rational q, 
then this definition could in principle be inconsistent with our earlier 
definition of exponentiation in Section 6.7. But in this case a is clearly 
the limit of the sequence (q)?<,, so by definition 7* = limp... 24 = x7. 
Thus the new definition of exponentiation is consistent with the old one. 


Proposition 6.7.3. All the results of Lemma 5.6.9, which held for ra- 
tional numbers q and r, continue to hold for real numbers q andr. 


Proof. We demonstrate this for the identity 777" = x%x" (i.e., the first 
part of Lemma 5.6.9(b)); the other parts are similar and are left to 
Exercise 6.7.1. The idea is to start with Lemma 5.6.9 for rationals and 
then take limits to obtain the corresponding results for reals. 

Let q and r be real numbers. Then we can write q = limps Gn 
and r = limn-soo T’n for some sequences (gn)°°, and (rn)? of rationals, 
by the definition of real numbers (and Proposition 6.1.15). Then by 
the limit laws, q+ r is the limit of (q + 7n)?,. By definition of real 
exponentiation, we have 

ot = lim gee. gf =m os 2S lim ow, 
N+ Oo N+ 0o N+ Oo 
But by Lemma 5.6.9(b) (applied to rational exponents) we have 
gint™n = gry, Thus by limit laws we have x?*" = xix", as de- 
sired. 


— Exercises — 


Exercise 6.7.1. Prove the remaining components of Proposition 6.7.3. 


Chapter 7 


Series 


Now that we have developed a reasonable theory of limits of sequences, 
we will use that theory to develop a theory of infinite series 


[o-e) 
) An = Am + Am4t1 + dm4+2+..-- 


n=™M 


But before we develop infinite series, we must first develop the theory 
of finite series. 


7.1 Finite series 


Definition 7.1.1 (Finite series). Let m,n be integers, and let (a;)”_,,, 
be a finite sequence of real numbers, assigning a real number a; to each 
integer 7 between m and n inclusive (i.e., m <i <n). Then we define 
the finite sum (or finite series) 57>", ai by the recursive formula 


n 
Ss" a; := 0 whenever n < m; 
I=™M 
n+l n 
ye a, := se a; | +@n41 whenever n > m-— 1. 
=m 1=mM 


Thus for instance we have the identities 


m—2 m-1 m 
y a; = 0; y a; = 0; y Ai = Am} 
i=m 1=m =m 


m+1 m+2 
y Aj, = Am + Om+13 y Qi = Am + Am+1 + Am+2 
=m =m 
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(why?). Because of this, we sometimes express }>;"_,,, a; less formally as 


n 
So ai = Gm + mpi +... +n. 


=m 


Remark 7.1.2. The difference between “sum” and “series” is a subtle 
linguistic one. Strictly speaking, a series is an expression of the form 
em a; this series is mathematically (but not semantically) equal to a 
real number, which is then the sum of that series. For instance, 1 + 2+ 
3+4-+5 is a series, whose sum is 15; if one were to be very picky about 
semantics, one would not consider 15 a series and one would not consider 
14+2+3+4+45 a sum, despite the two expressions having the same 
value. However, we will not be very careful about this distinction as it is 
purely linguistic and has no bearing on the mathematics; the expressions 
1+2+3+44+45 and 15 are the same number, and thus mathematically 
interchangeable, in the sense of the axiom of substitution (see Section 
A.7), even if they are not semantically interchangeable. 


Remark 7.1.3. Note that the variable i (sometimes called the index of 
summation) is a bound variable (sometimes called a dummy variable); 
the expression )~/"_,,, ai does not actually depend on any quantity named 
i. In particular, one can replace the index of summation 7 with any other 
symbol, and obtain the same sum: 


n n 
) ay = ) aj. 
=m j=m 


We list some basic properties of summation below. 


Lemma 7.1.4. 


(a) Let m<n< p be integers, and let a; be a real number assigned to 
each integer m <i<p. Then we have 


n Pp Pp 
) ay + ) a; = ) Qj. 
i=m i=nt+l1 =m 


(b) Let m < n be integers, k be another integer, and let a; be a real 
number assigned to each integerm <i<n. Then we have 


n+k 


n 
) ay = ) Aj—k- 
=m 


j=m+k 
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(c) Let m < n be integers, and let a;,b; be real numbers assigned to 
each integer m <i<n. Then we have 


Yor (Xo) +(Ea) 


(d) Let m <n be integers, and let a; be a real number assigned to each 
integer m <i< n, and let c be another real number. Then we 


have 
S(ea) =e(Soai), 


(e) (Triangle inequality for finite series) Let m < n be integers, and 
let a; be a real number assigned to each integerm <i<n. Then 


we have 
n n 
Ya] <3 lel 
i=m i=m 


(f) (Comparison test for finite series) Let m < n be integers, and let 
a;,b; be real numbers assigned to each integerm <i<n. Suppose 
that a; < b; for allm <i<n. Then we have 


n n 
i=m i=m 


Proof. See Exercise 7.1.1. 


Remark 7.1.5. In the future we may omit some of the parentheses 
in series expressions, for instance we may write )>;"_,,,(a; + b;) simply 
as }o"_ a; + b;. This is reasonably safe from being mis-interpreted, 
because the alternative interpretation (}>;__,,, ai) +0; does not make any 
sense (the index 7 in b; is meaningless outside of the summation, since 7 
is only a dummy variable). 


One can use finite series to also define summations over finite sets: 


Definition 7.1.6 (Summations over finite sets). Let X be a finite set 
with n elements (where n € N), and let f : X — R bea function from X 
to the real numbers (i.e., f assigns a real number f(x) to each element x 
of X). Then we can define the finite sum )7,.-y f(x) as follows. We first 
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select any bijection g from {i € N: 1 <i < n} to X; such a bijection 
exists since X is assumed to have n elements. We then define 


S~ Fe) = 2 F(). 


rex i=1 


Example 7.1.7. Let X be the three-element set X := {a,b,c}, where 
a,b,c are distinct objects, and let f : X + R be the function f(a) := 2, 
f(b) := 5, f(e) := —1. In order to compute the sum >°,.-y f(x), we 
select a bijection g : {1,2,3} > X, e.g., g(1) :=a, g(2) := 5, g(3) :=c. 
We then have 


3 
S> f(x) = 2 FM) = F@ + FO) + FO =6. 


rex i=1 


One could pick another bijection from {1,2,3} to X, e.g., h(1) := ¢, 
h(2) := b, h(3) =c, but the end result is still the same: 


3 
Ss f(x) = > f(A) = FC) + FO) + (a) =6. 


rex i=1 


To verify that this definition actually does give a single, well-defined 
value to )0.<x f(x), one has to check that different bijections g from 
{iE N:1<i<n} to X give the same sum. In other words, we must 
prove 


Proposition 7.1.8 (Finite summations are well-defined). Let X be a 
finite set with n elements (where n € N), let f : X > R be a function, 
and letg: {iE N:1<ix<n}>3X andh: {iC N:1<i<n} ox 
be bijections. Then we have 


dD FG) = Do F(A). 
i=l i=1 


Remark 7.1.9. The issue is somewhat more complicated when sum- 
ming over infinite sets; see Section 8.2. 


Proof. We use induction on n; more precisely, we let P(n) be the as- 
sertion that “For any set X of n elements, any function f : X > R, 
and any two bijections g, h from {i € N: 1 <i < n} to X, we have 
i flg@) = Se, f(A)”. (More informally, P(n) is the assertion 
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that Proposition 7.1.8 is true for that value of n.) We want to prove 
that P(n) is true for all natural numbers n. 

We first check the base case P(0). In this case Se f(g(i)) and 

ae f(h(2)) both equal to 0, by definition of finite series, so we are 

done. 

Now suppose inductively that P(n) is true; we now prove that P(n+ 
1) is true. Thus, let X be a set with n+ 1 elements, let f: X > Rbea 
function, and let g and h be bijections from {i € N: 1 <i<n+1} to 
X. We have to prove that 

n+1 n+1 


d= f9@) = do FAM). (7.1) 
i=1 t=1 


Let x := g(n +1); thus z is an element of X. By definition of finite 
series, we can expand the left-hand side of (7.1) as 


n+1 


Y— f(g()) = (= rit)) + f(x). 
i=1 i=1 


Now let us look at the right-hand side of (7.1). Ideally we would like to 
have h(n + 1) also equal to x - this would allow us to use the inductive 
hypothesis P(n) much more easily - but we cannot assume this. How- 
ever, since h is a bijection, we do know that there is some index j, with 
1<j<n+l, for which h(j) = 2. We now use Lemma 7.1.4 and the 
definition of finite series to write 


n+1 j n+1 
do f(a) = (> 70) +{ do fac) 
i=l i=l i=jt+l 
j-l1 n+1 
= ie 0) + FRG) + { SO F(A) 
i=l i=jt+l 


j-1 n 
= bs 70) + f(z) + | >) F(hG+D) 
i=1 i=j 
We now define the function h : {i € N:1<i<n}—> X — {a} by 


setting h(i) := h(i) when i <j and A(i) := h(i +1) wheni> j. We can 
thus write the right-hand side of (7.1) as 


j-l1 n n 
= (x rt) + f@)+[S7F@))] = (> rit)) + f(a) 
i=l i=j = 
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where we have used Lemma 7.1.4 once again. Thus to finish the proof 
of (7.1) we have to show that 


Y fG@) = 5 FAM). (7.2) 
i=1 i=1 


But the function g (when restricted to {1 € N: 1 <i < n}) isa bijection 
from {i EN: 1 <i <n} > X — {x} (why?). The function h is also 
a bijection from {i € N:1<i<n}— X — {x} (why? cf. Lemma 
3.6.9). Since X — {x} has n elements (by Lemma 3.6.9), the claim 7.2 
then follows directly from the induction hypothesis P(n). 


Remark 7.1.10. Suppose that X is a set, that P(x) is a property 
pertaining to an element x of X, and f : {y © X : P(y) is true} > R is 
a function. Then we will often abbreviate 


» f(x) 


xe{yeX:P(y) 1s true} 


as Dee X:P(a) ‘odie 1 ie) OR even a8 P(e) is true / (©) when there is no 
chance of confusion. For instance, >7,cn.a<n<a f(2) OF Diocn<a (2) is 


short-hand for ),cro,3.44 f(@) = f(2) + F(R) + f(A). 


The following properties of summation on finite sets are fairly obvi- 
ous, but do require a rigorous proof: 


Proposition 7.1.11 (Basic properties of summation over finite sets). 


(a) If X is empty, and f : X > R is a function (i.e., f is the empty 
function), we have 
ye @)=0. 


wEx 


(b) If X consists of a single element, X = {xp}, and f: X > R is a 
function, we have 


S- Fe) = f (eo). 


rex 


(c) (Substitution, part I) If X is a finite set, f : X > R is a function, 
andg:Y + X is a bijection, then 


S f@)= > flow): 


rEX yey 
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(d) (Substitution, part II) Let n < m be integers, and let X be the set 
X:= {iE Z:n<i<m}. Ifa; is a real number assigned to each 
integer 1 © X, then we have 


m 
) a= ) aj. 
i=n iEX 


(e) Let X,Y be disjoint finite sets (so XNY =O), andf: XUY ~R 
is a function. Then we have 


acs bs r)) +{ 5° fly) 


zEXUY rEX yeY 


(f) (Linearity, part I) Let X be a finite set, and let f : X + R and 
g:X > R be functions. Then 


do F(@) +92) = VE f@) + SS ale). 


LEX rEx rex 


(g) (Linearity, part IT) Let X be a finite set, let f : X > R bea 
function, and let c be a real number. Then 


> O=c >, fe): 


rex rex 


(h) (Monotonicity) Let X be a finite set, and let f : X —+ R and 
g:X > R be functions such that f(x) < g(x) for alla € X. 


Then we have 
S- Fle) < S alx). 
rex rEX 
(4) (Triangle inequality) Let X be a finite set, and let f : X > R be 
a function, then 
[So fe) < So |f@). 


rex rEX 


Proof. See Exercise 7.1.2. 


Remark 7.1.12. The substitution rule in Proposition 7.1.11(c) can be 
thought of as making the substitution x := g(y) (hence the name). Note 
that the assumption that g is a bijection is essential; can you see why 
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the rule will fail when g is not one-to-one or not onto? From Proposition 
7.1.11(c) and (d) we see that 


d= D7 are) 


for any bijection f from the set {2 € Z:n <i < m} to itself. Informally, 
this means that we can rearrange the elements of a finite sequence at 
will and still obtain the same value. 


Now we look at double finite series - finite series of finite series - and 
how they connect with Cartesian products. 


Lemma 7.1.13. Let X, Y be finite sets, and let f: X x Y > R bea 
function. Then 


cEeX \yEeY (x,y)EX XY 


Proof. Let n be the number of elements in X. We will use induction on 
n (cf. Proposition 7.1.8); i.e., we let P(n) be the assertion that Lemma 
7.1.13 is true for any set X with n elements, and any finite set Y and 
any function f : X x Y + R. We wish to prove P(n) for all natural 
numbers n. 

The base case P(0) is easy, following from Proposition 7.1.11(a) 
(why?). Now suppose that P(n) is true; we now show that P(n + 1) 
is true. Let X be a set with n+ 1 elements. In particular, by Lemma 
3.6.9, we can write X = X’U {xo}, where zo is an element of X and 
X! := X — {xo} has n elements. Then by Proposition 7.1.11(e) we have 


So 1S fay) =O5 | do fey) | +135 feo) |; 


cEexX \yEY wEX!’ \yeEY yey 


by the induction hypothesis this is equal to 


S> fle,y) + | So Flwo.y) 


(a,y)EX'KY yeY 


By Proposition 7.1.11(c) this is equal to 


Ss) f(x,y) + SIGH 


(x,y)EX'’XY (x,y)E{xzo}xY 
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By Proposition 7.1.11(e) this is equal to 


Ss” flay) 


(a,y)EX XY 


(why?) as desired. 


Corollary 7.1.14 (Fubini’s theorem for finite series). Let X, Y be finite 
sets, and let f: X x Y > R be a function. Then 


xcEeX \yEeY (x,y)EX XY 


(y,x)EY xX 


23 » ie), 


yEY \rEx 


Proof. In light of Lemma 7.1.13, it suffices to show that 


(w,y)EX XY (y,v)EY xX 


But this follows from Proposition 7.1.11(c) by applying the bijection 
h:XxY—>YxX defined by h(x, y) := (y, x). (Why is this a bijection, 
and why does Proposition 7.1.11(c) give us what we want’) 


Remark 7.1.15. This should be contrasted with Example 1.2.5; thus 
we anticipate something interesting to happen when we move from finite 
sums to infinite sums. However, see Theorem 8.2.2. 


— Exercises — 


Exercise 7.1.1. Prove Lemma 7.1.4. (Hint: you will need to use induction, but 
the base case might not necessarily be at 0.) 


Exercise 7.1.2. Prove Proposition 7.1.11. (Hint: this is not as lengthy as it 
may first appear. It is largely a matter of choosing the right bijections to turn 
these sums over sets into finite series, and then applying Lemma 7.1.4.) 


Exercise 7.1.3. Form a definition for the finite products [[j_,a; and 
Ileex f(x). Which of the above results for finite series have analogues for 
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finite products? (Note that it is dangerous to apply logarithms because some 
of the a; or f(x) could be zero or negative. Besides, we haven’t defined loga- 
rithms yet.) 


Exercise 7.1.4. Define the factorial function n! for natural numbers n by the 


recursive definition 0! := 1 and (n+ 1)! := n! x (n+ 1). If x and y are real 
numbers, prove the binomial formula 


n 


n! : : 
(SPU) = sa ae 
y jn — 9)! 


for all natural numbers n. (Hint: induct on n.) 


Exercise 7.1.5. Let X be a finite set, let m be an integer, and for each x € X let 
(ay (%))°,, be a convergent sequence of real numbers. Show that the sequence 


n=m 


Qorex Gn(#))%-,, is convergent, and 


Jim S- An (x) = a, Jim, An (x). 


cEX TEX 


(Hint: induct on the cardinality of X, and use Theorem 6.1.19(a).) Thus we 
may always interchange finite sums with convergent limits. Things however get 
trickier with infinite sums; see Exercise 11.47.11. 


7.2 Infinite series 
We are now ready to sum infinite series. 


Definition 7.2.1 (Formal infinite series). A (formal) infinite series is 
any expression of the form 
(oe) 
dom 
n=m 


where m is an integer, and a, is a real number for any integer n > m. 
We sometimes write this series as 


Am + Am41 + Amt2+.... 


At present, this series is only defined formally; we have not set this 
sum equal to any real number; the notation am +am41+Am42+... is of 
course designed to look very suggestively like a sum, but is not actually 
a finite sum because of the “...” symbol. To rigorously define what the 
series actually sums to, we need another definition. 
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Definition 7.2.2 (Convergence of series). Let }°°°_ an be a formal 
infinite series. For any integer N > m, we define the N“ partial sum 
Sw of this series to be Sy := oe Gn; of course, Sy is a real number. 
If the sequence (S~)¥_,,, converges to some limit L as N — oo, then 
we say that the infinite series }°°-_, dn is convergent, and converges 
to L; we also write L = )°°°_ an, and say that L is the sum of the 
infinite series \°7°_, dn. If the partial sums Sy diverge, then we say 
that the infinite series }°°°_, dn is divergent, and we do not assign any 
real number value to that series. 


Remark 7.2.3. Note that Proposition 6.1.7 shows that if a series con- 
verges, then it has a unique sum, so it is safe to talk about the sum 
L= yr, an of a convergent series. 


Examples 7.2.4. Consider the formal infinite series 


CO 
yo ey Tae yE he) ace ae 


n=1 


The partial sums can be verified to equal 
N 
Se 502 S12 
n=1 


by an easy induction argument (or by Lemma 7.3.3 below); the sequence 
1—2-% converges to 1 as N > oo, and hence we have 


(oe) 


Soe = 1. 
n=1 


In particular, this series is convergent. On the other hand, if we consider 
the series 


(oe) 
ei ee ee eee 
n=1 

then the partial sums are 


N 
Sy =) 27 =2Nt1_9 


n= 1 


and this is easily shown to be an unbounded sequence, and hence diver- 
gent. Thus the series }>°°_, 2” is divergent. 
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Now we address the question of when a series converges. The fol- 
lowing proposition shows that a series converges iff the “tail” of the 
sequence is eventually less than ¢ for any € > 0: 


Proposition 7.2.5. Let \~°-_ an be a formal series of real numbers. 
Then y>r-_,, an converges if and only if, for every real number < > 0, 
there exists an integer N > m such that 


q 
dm 


n=p 


<e for allp,q>N. 


Proof. See Exercise 7.2.2. 


This Proposition, by itself, is not very handy, because it is not so 
easy to compute the partial sums ee Gn, in practice. However, it has 
a number of useful corollaries. For instance: 


Corollary 7.2.6 (Zero test). Let \~°°_, dn be a convergent series of 
real numbers. Then we must have limn59 Gn = 0. To put this another 
way, if limp+co Gn is non-zero or divergent, then the series \>>-_,, Gn, is 
divergent. 


Proof. See Exercise 7.2.3. 


Example 7.2.7. The sequence a, := 1 does not converge to 0 as n > 
oo, so we know that $°°°, 1 is a divergent series. (Note however that 
1,1,1,1,...is a convergent sequence; convergence of series is a different 
notion from convergence of sequences.) Similarly, the sequence a, := 
(—1)” diverges, and in particular does not converge to zero; thus the 
series )°°°_,(—1)" is also divergent. 


If a sequence (an)°2,,, does converge to zero, then the series }>>-_,,, dn 
may or may not be convergent; it depends on the series. For instance, 
we will soon see that the series }>°>?_, 1/n is divergent despite the fact 
that 1/n converges to 0 as n + oo. 


Definition 7.2.8 (Absolute convergence). Let )°°°., an be a formal 
series of real numbers. We say that this series is absolutely convergent 
iff the series \~°°_, |an| is convergent. 


In order to distinguish convergence from absolute convergence, we 
sometimes refer to the former as conditional convergence. 
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Proposition 7.2.9 (Absolute convergence test). Let \-°°_, dn be a for- 
mal series of real numbers. If this series is absolutely convergent, then it 
is also conditionally convergent. Furthermore, in this case we have the 


triangle inequality 
(oe) (oe) 
dL an) S DS lanl: 
n=m n=m 


Proof. See Exercise 7.2.4. 


Remark 7.2.10. The converse to this proposition is not true; there exist 
series which are conditionally convergent but not absolutely convergent. 
See Example 7.2.13. 


Remark 7.2.11. We consider the class of conditionally convergent se- 
ries to include the class of absolutely convergent series as a subclass. 
Thus when we say a statement such as “S°°?_, Gn is conditionally conver- 
gent”, this does not automatically mean that S°°°_,,, ay, is not absolutely 
convergent. If we wish to say that a series is conditionally convergent 
but not absolutely convergent, then we will instead use a phrasing such 
as “S°°° an is only conditionally convergent” , or em Gn COnvEerges 
conditionally, but not absolutely”. 


6 


(oe) 


Proposition 7.2.12 (Alternating series test). Let (a,)°2,, be a se- 
quence of real numbers which are non-negative and decreasing, thus 
An > 0 and ay > dn4i for everyn >m. Then the series \---_, (—1)"an 
is convergent if and only if the sequence an converges to 0 as n> oo. 


Proof. From the zero test, we know that if }>?-_,,, (—1)"an is a convergent 
series, then the sequence (—1)"a,, converges to 0, which implies that a, 
also converges to 0, since (—1)"ay and an have the same distance from 
0. 

Now suppose conversely that a, converges to 0. For each N, let Sw 
be the partial sum Sy := pee igre our job is to show that Sy 
converges. Observe that 


Snie = Sn t+ (-1)* "any t+ (-1)" Manse 


= Sy + (-1)%*1 (an41 — an 42). 


But by hypothesis, (av41—an +2) is non-negative. Thus we have Sy 42 > 
Sw when WN is odd and Sy42 < Syn if N is even. 

Now suppose that N is even. From the above discussion and in- 
duction we see that Sy42, < Sy for all natural numbers k (why’). 
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Also we have Sy4o%41 > Sn41 = Sn — an4i (why?). Finally, we have 
Sn+or+1 = Sn+ak — Qn+2k+1 < Sn+or (why?). Thus we have 


Sw — ani S Syyornsi S< Sn+or < Sw 
for all k. In particular, we have 
Sw —-an4i < Sn < Sy for alln > N 


(why?). In particular, the sequence S,, is eventually ay41-steady. But 
the sequence ay converges to 0 as N — oo, thus this implies that S,, is 
eventually ¢-steady for every ¢ > 0 (why?). Thus S, converges, and so 
the series }°°°_ (—1)"an is convergent. 


Example 7.2.13. The sequence (1/n)?°, is non-negative, decreasing, 
and converges to zero. Thus }°°°,(—1)"/n is convergent (but it is not 
absolutely convergent, because }-°°_, 1/n diverges, see Corollary 7.3.7). 
Thus lack of absolute convergence does not imply lack of conditional 
convergence, even though absolute convergence implies conditional con- 
vergence. 


Some basic identities concerning convergent series are collected be- 
low. 


Proposition 7.2.14 (Series laws). 


(a) If or, Gn is a series of real numbers converging to x, and 
yn On ts a series of real numbers converging to y, then 
Soe n(n +n) ts also a convergent series, and converges to x+y. 
In particular, we have 


oe) 


S> (an + bn) = Sot be 


(b) If So7-_,, an is a series of real numbers converging to x, and c is 
[o-e) . 5 
a real number, then ST, (Can) is also a convergent series, and 
converges to cx. In particular, we have 


(oe) 


Ss" (a;,\=6 SC Oe. 
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(c) Let S~°°_ an be a series of real numbers, and let k > 0 be an 
integer. If one of the two series \7°-_,an and \vr-_ 1, an are 
convergent, then the other one is also, and we have the identity 


m+k-1 


Lo au An + e An. 


n=m+k 


(d) Let S7r°_, an be a series of real numbers converging to x, and let 
k be an integer. Then Ane An—k also converges to x. 


Proof. See Exercise 7.2.5. 


From Proposition 7.2.14(c) we see that the convergence of a series 
does not depend on the first few elements of the series (though of course 
those elements do influence which value the series converges to). Because 
of this, we will usually not pay much attention as to what the initial 
index m of the series is. 

There is one type of series, called telescoping series, which are easy 
to sum: 


Lemma 7.2.15 (Telescoping series). Let (an)?2.9 be a sequence of real 
numbers which converge to 0, 1.e., limp so Gn = 0. Then the series 
Po (@n — An41) converges to ao. 


Proof. See Exercise 7.2.6. 


— Exercises — 


Exercise 7.2.1. Is the series }>>*_,(—1)” convergent or divergent? Justify your 
answer. Can you now resolve the difficulty in Example 1.2.2? 


Exercise 7.2.2. Prove Proposition 7.2.5. (Hint: use Proposition 6.1.12 and 
Theorem 6.4.18.) 


Exercise 7.2.3. Use Proposition 7.2.5 to prove Corollary 7.2.6. 


Exercise 7.2.4. Prove Proposition 7.2.9. (Hint: use Proposition 7.2.5 and 
Proposition 7.1.4(e).) 


Exercise 7.2.5. Prove Proposition 7.2.14. (Hint: use Theorem 6.1.19.) 
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Exercise 7.2.6. Prove Lemma 7.2.15. (Hint: First work out what the partial 
sums eace — Gy+41) should be, and prove your assertion using induction.) 
How does the proposition change if we assume that a, does not converge to 
zero, but instead converges to some other real number L? 


7.3 Sums of non-negative numbers 


Now we specialize the preceding discussion in order to consider sums 
on Gn Where all the terms a, are non-negative. This situation comes 
up, for instance, from the absolute convergence test, since the absolute 
value |a,,| of a real number a, is always non-negative. Note that when 
all the terms in a series are non-negative, there is no distinction between 
conditional convergence and absolute convergence. 

Suppose }>°°_, Gn is a series of non-negative numbers. Then the 
partial sums Sy := ee Gy, are increasing, i.e., Syy1 > Sy for all 
N > m (why?). From Proposition 6.3.8 and Corollary 6.1.17, we thus 
see that the sequence (Sj)°2,,, is convergent if and only if it has an 
upper bound M. In other words, we have just shown 


Proposition 7.3.1. Let \°°-_,, an be a formal series of non-negative 
real numbers. Then this series is convergent if and only if there is a real 
number M such that 


N 
S- Gn <M for all integers N >m. 


n=m 
A simple corollary of this is 


Corollary 7.3.2 (Comparison test). Let \>°-_,, dn and S>>-_,,, bn be two 
formal series of real numbers, and suppose that |an| < by for alln > m. 
Then if >-7—_,, bn is convergent, then \~-__, Gn is absolutely convergent, 


and in fact 
[oe [o-e) (oe) 
Yan] < So lanl < Se 
n=mM n=mM n=mM 


Proof. See Exercise 7.3.1. 


We can also run the comparison test in the contrapositive: if we 
have |an| < bp for alln > m, and }7°°__, dn is not absolutely convergent, 
then S°°-_, by is not conditionally convergent. (Why does this follow 


immediately from Corollary 7.3.2?) 
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A useful series to use in the comparison test is the geometric series 
[oe 
2" 
n=0 


where x is some real number: 


Lemma 7.3.3 (Geometric series). Let x be a real number. If |x| > 1, 
then the series )\° a" is divergent. If however |x| <1, then the series 
is absolutely convergent and 


Se S12), 
n=) 


Proof. See Exercise 7.3.2. 


We now give a useful criterion, known as the Cauchy criterion, to 
test whether a series of non-negative but decreasing terms is convergent. 


Proposition 7.3.4 (Cauchy criterion). Let (a,)°, be a decreasing se- 
quence of non-negative real numbers (s0 an, > 0 and an41 < Gn for all 
n> 1). Then the series \\°°_, an is convergent if and only if the series 


oo 
) Oak =a, + 2a9 + 4a4+ 8ag+... 
k=0 


is convergent. 


Remark 7.3.5. An interesting feature of this criterion is that it only 
uses a small number of elements of the sequence ay, (namely, those el- 
ements whose index n is a power of 2, n = 2*) in order to determine 
whether the whole series is convergent or not. 


Proof. Let Sy := ee dn be the partial sums of S72, an, and let 
te ae 2 ayx be the partial sums of )772., 2¥agx. In light of Propo- 
sition 7.3.1, our task is to show that the sequence (Sy)¥_, is bounded 
if and only if the sequence (Tx)%_p is bounded. To do this we need the 
following claim: 


Lemma 7.3.6. For any natural number K, we have Sox+i_y < TK < 
255K ‘ 
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Proof. We use induction on K. First we prove the claim when K = 0, 
i.e. 
51 <7 < 28}. 


This becomes 
ay <a, < 2a, 


which is clearly true, since a, is non-negative. 
Now suppose the claim has been proven for K, and now we try to 
prove it for K +1: 


Sox+2_1 <TK41 < 2SoK+1. 


Clearly we have 
TKy1=TK+ OF ana: 


Also, we have (using Lemma 7.1.4(a) and (f), and the hypothesis that 
the ay are decreasing) 


9k+1 9kK+1 
SoK+1 = Sox + ) An = Sox + ) AgK+1 = Sox + Vag Prema 
n=2k +1 n=2K +1 


and hence 
2SgK4+1 > W2SoK + OP diets 


Similarly we have 


Qk +2_4 


SoK+2_4 I SoK+1_41 + y an 
n=2Kkt+1 
gh +2. 


< SoK+1_4 + Ss" aA9gK+1 


n=2k +1 


= SoK+1_4 + Pia ree 5 


Combining these inequalities with the induction hypothesis 
SoK+1_4 < Tk < 259K 


we obtain 
Sox+2_1 < TK41 < 2S 9K41 


as desired. This proves the claim. 
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From this claim we see that if (Sjv)%_, is bounded, then (Sx )7_) 
is bounded, and hence (Tx)%_, is bounded. Conversely, if (Tx) is 
bounded, then the claim implies that Sjx+1_, is bounded, i.e., there is 
an M such that So«41_, < M for all natural numbers K. But one can 
easily show (using induction) that 2*+1 —1 > K +1, and hence that 
Sk41 <M for all natural numbers Kk, hence (Sy)_, is bounded. 


Corollary 7.3.7. Let q > 0 be a rational number. Then the series 
So, 1/n4 is convergent when q > 1 and divergent when q < 1. 


Proof. The sequence (1/n%)°2, is non-negative and decreasing (by 
Lemma 5.6.9(d)), and so the Cauchy criterion applies. Thus this se- 
ries is convergent if and only if 


(oe) 
air 
eee 


is convergent. But by the laws of exponentiation (Lemma 5.6.9) we can 
rewrite this as the geometric series 


[o-e) 
De Ce 

k=0 

As mentioned earlier, the geometric series 7? 5 a* converges if and 
only if |x| < 1. Thus the series }°°°., 1/n% will converge if and only if 
|2'~4| < 1, which happens if and only if g > 1 (why? Try proving it just 
using Lemma 5.6.9, and without using logarithms). 


In particular, the series }*°°., 1/n (also known as the harmonic se- 
ries) is divergent, as claimed earlier. However, the series )>°°, 1/n? is 
convergent. 


Remark 7.3.8. The quantity }°°°., 1/n%, when it converges, is called 
¢(q), the Riemann-zeta function of gq. This function is very important 
in number theory, and in particular in the distribution of the primes; 
there is a very famous unsolved problem regarding this function, called 
the Riemann hypothesis, but to discuss it further is far beyond the scope 
of this text. I will mention however that there is a US$ 1 million prize - 
and instant fame among all mathematicians - attached to the solution 
to this problem. 
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— Exercises — 
Exercise 7.3.1. Use Proposition 7.3.1 to prove Corollary 7.3.2. 


Exercise 7.3.2. Prove Lemma 7.3.3. (Hint: for the first part, use the zero 
test. For the second part, first use induction to establish the geometric series 
formula 


N 
Soa" =(1-2%#1)/(1—2) 


and then apply Lemma 6.5.2.) 


Exercise 7.3.3. Let )>>° 9 dn be an absolutely convergent series of real numbers 
such that >>? 9 |an| = 0. Show that a, = 0 for every natural number n. 


7.4 Rearrangement of series 


One feature of finite sums is that no matter how one rearranges the 
terms in a sequence, the total sum is the same. For instance, 


a, + ag + a3 + 44+ a5 = G4 + 03 + a5 + a1 + QQ. 


A more rigorous statement of this, involving bijections, has already ap- 
peared earlier, see Remark 7.1.12. 

One can ask whether the same thing is true for infinite series. If all 
the terms are non-negative, the answer is yes: 


Proposition 7.4.1. Let asar Gn be a convergent series of non-negative 
real numbers, and let f : N > N be a bijection. Then S>~_ Af(m) 18 
also convergent, and has the same sum: 


S> an = ys Qf(m): 
n=0 m=0 


Proof. We introduce the partial sums Sy := poe Gy, and Ty := 
Dar @f(m)- We know that the sequences (Sy )?29 and (Ti)? are 
increasing. Write L := sup(Sw)°2, and L’ := sup(T)%_,. By Propo- 
sition 6.3.8 we know that L is finite, and in fact L = S°*° yan; by 
Proposition 6.3.8 again we see that we will thus be done as soon as we 
can show that L’ = L. 

Fix M, and let Y be the set Y :-={meEeN:m< M}. Note that f 
is a bijection between Y and f(Y). By Proposition 7.1.11, we have 


M 
Tu = >> as¢m) = >> O(my= D> On. 
m=0 ) 


meYy nef(y 
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The sequence (f(m))*_9 is finite, hence bounded, i.e., there exists an 
N such that f(m) < N fr all m < N. In particular f (Y) is a subset 
of {n € N: n < N}, and so by Proposition 7.1.11 again (and the 
assumption that all the an are non-negative) 


2 aS oo Soom 


ne f(y) ne{nEeN:n<N} 


But since (Syv)%_) has a supremum of L, we thus see that Sy < L, 
and hence that Tyy < L for all M. Since L’ is the least upper bound of 
(T)%7—o, this implies that L’ < L. 

A very similar argument (using the inverse f~! instead of f) shows 
that every Sy is bounded above by L’, and hence L < L’. Combining 
these two inequalities we obtain L = L’, as desired. 


Example 7.4.2. From Corollary 7.3.7 we know that the series 


[o-e) 
So fn? =141/4+1/9 + 1/16 + 1/25 +1/36 +... 


n=1 


is convergent. Thus, if we interchange every pair of terms, to obtain 


1/44+1+41/16 +1/9+1/36+1/25+... 


we know that this series is also convergent, and has the same sum. (It 
turns out that the value of this sum is ¢(2) = 72/6, a fact which we shall 
prove in Exercise 11.32.2.) 


Now we ask what happens when the series is not non-negative. Then 
as long as the series is absolutely convergent, we can still do rearrange- 
ments: 


Proposition 7.4.3 (Rearrangement of series). Let )>°° yan be an ab- 
solutely convergent series of real numbers, and let f : N > N be a 
bijection. Then Y>>_ Af(m) 18 also absolutely convergent, and has the 


same sum: 
CO CO 
do an = D7 apm) 
n=0 m=0 


Proof. (Optional) We apply Proposition 7.4.1 to the infinite series 
9 |a@n|, which by hypothesis is a convergent series of non-negative 
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numbers. If we write L := )°>9|a@n|, then by Proposition 7.4.1 we 
know that }°*>_9 |@f(m)| also converges to L. 

Now write L’ := }7°° 9 an. We have to show that )°?_9 @s(m) also 
converges to Ez. In other words, given any € > 0, we have to find an MW 
such that SL 0% F(m) is e-close to L’ for every M' > M. 

Since en oe is convergent, we can use Proposition 7.2.5 and find 
an N, such that 2 = lan| < €/2 for all p,q > Ny. Since \7P° 4 an 
converges to L’, the tal sums pa 9 @n also converge to L’, and so 
there exists N > N, such that pee yn, is €/2-close to L’. 

Now the sequence (f~!(n))‘_, is finite, hence bounded, so there 
exists an M such that f~!(n) < M for all0 <n < N. In particular, for 
any M’ > M, the set {f(m):meN;m < M’} contains {n Ee N:n< 
N}(why?). So by Proposition 7.1.11, for any M’ > M 


M' 
do ay0m) = Ss" = Dont Dm 
m=0 ne{ f(m):mEN;m<M"} nex 
where X is the set 
X={f(m):meEN;m< M'}\{nEeN:n< N}. 


The set X is finite, and is therefore bounded by some natural number 
q; we must therefore have 


XC{nEN: N41 <n<q} 


(why?). Thus 


q 


SS lanl< S$) lanl <e/2 


nex n=N-+1 


Dan 


nex 


by our choice of N. Thus oy f(m) is €/2-close to pee Qn, which 


as mentioned before is ¢/2-close to L’. Thus ea F(m) is €-close to L 
for all M’ > M, as desired. 


Surprisingly, when the series is not absolutely convergent, then the 
rearrangements are very badly behaved. 


Example 7.4.4. Consider the series 


iBalA is =1/6+ 1/7 =1784 
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This series is not absolutely convergent (why?), but is conditionally 
convergent by the alternating series test, and in fact the sum can 
be seen to converge to a positive number (in fact, it converges to 
In(2) — 1/2 = 0.193147..., see Example 11.25.7). Basically, the reason 
why the sum is positive is because the quantities (1/3—1/4), (1/5—1/6), 
(1/7 — 1/8) are all positive, which can then be used to show that every 
partial sum is positive. (Why? you have to break into two cases, de- 
pending on whether there are an even or odd number of terms in the 
partial sum.) 

If, however, we rearrange the series to have two negative terms to 
each positive term, thus 


e146 Hee Tir =e a 


then the partial sums quickly become negative (this is because (1/3 — 
1/4—1/6), (1/5 —1/8-— 1/9), and more generally (1/(2n + 1) — 1/4n — 
1/(4n + 2)) are all negative), and so this series converges to a negative 
quantity; in fact, it converges to 


(In(2) — 1)/2 = —.153426.... 


There is in fact a surprising result of Riemann, which shows that a series 
which is conditionally convergent but not absolutely convergent can in 
fact be rearranged to converge to any value (or rearranged to diverge, 
in fact - see Exercise 8.2.6); see Theorem 8.2.8. 


To summarize, rearranging series is safe when the series is absolutely 
convergent, but is somewhat dangerous otherwise. (This is not to say 
that rearranging a series that is not absolutely convergent necessarily 
gives you the wrong answer - for instance, in theoretical physics one often 
performs similar maneuvres, and one still (usually) obtains a correct 
answer at the end - but doing so is risky, unless it is backed by a rigorous 
result such as Proposition 7.4.3.) 


— Exercises — 


Exercise 7.4.1. Let )>° 9 an be an absolutely convergent series of real numbers. 
Let f : N—N be an increasing function (i.e., f(r +1) > f(n) for all n € N). 
Show that S>*° 4 Gf(n) is also an absolutely convergent series. (Hint: try to 
compare each partial sum of )>7° 9 af(n) with a (slightly different) partial sum 


of Seer Gn.) 
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7.5 The root and ratio tests 


Now we can state and prove the famous root and ratio tests for conver- 
gence. 


Theorem 7.5.1 (Root test). Let )7°°., dn be a series of real numbers, 
and let a := limsup,, 45 |an|1/”. 


(a) Ifa <1, then the series °°. an is absolutely convergent (and 
hence conditionally convergent). 


b) Ifa> 1, then the series \~°-_ ay is not conditionally convergent 
n=mMm 
(and hence cannot be absolutely convergent either). 


(c) Ifa@=1, we cannot assert any conclusion. 


Proof. First suppose that a < 1. Note that we must have a > 0, 
since |a,|!/" > 0 for every n. Then we can find an ¢ > 0 such that 
0<a+te <1 (for instance, we can set ¢ := (1 — a)/2). By Proposition 
6.4.12(a), there exists an N > m such that |a,|!/" < a+e for all 
n > N. In other words, we have |a,| < (a+ ¢)” for alln > N. But 
from the geometric series we have that 77° y(a + ¢)” is absolutely 
convergent, since 0 < a+e < 1 (note that the fact that we start from 
N is irrelevant by Proposition 7.2.14(c)). Thus by the comparison test, 
we see that S°°° yan is absolutely convergent, and thus S°°-_,, dn is 
absolutely convergent, by Proposition 7.2.14(c) again. 

Now suppose that a > 1. Then by Proposition 6.4.12(b), we see 
that for every N > m there exists an n > N such that |a,|!/" > 1, 
and hence that |a,| > 1. In particular, (an)°2_y is not 1-close to 0 for 
any N, and hence (a,,)°@,,, is not eventually 1-close to 0. In particular, 
(an) oy, does not converge to zero. Thus by the zero test, )77°.,,, an is 
not conditionally convergent. 

For a = 1, see Exercise 7.5.3. 


The root test is phrased using the limit superior, but of course if 
limn—oo |an|!/ ” converges then the limit is the same as the limit superior. 
Thus one can phrase the root test using the limit instead of the limit 
superior, but only when the limit exists. 

The root test is sometimes difficult to use; however we can replace 
roots by ratios using the following lemma. 
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Lemma 7.5.2. Let (cp,)°,, be a sequence of positive numbers. Then 
we have 


c 
lim inf “+ < lim int. clin < lim sup ole < lim sup as 


N00 Cn n—00 n—co Cn 


Proof. There are three inequalities to prove here. The middle inequality 
follows from Proposition 6.4.12(c). We shall prove the last inequality, 
and leave the first one to Exercise 7.5.1. 

Write LZ := limsup,_,.. ee If L = +o0 then there is nothing to 
prove (since x < +oo for every extended real number x), so we may 
assume that L is a finite real number. (Note that DZ cannot equal — 
why?). Since cn is always positive, we know that L > 0. 

Let € > 0. "By Proposition 6.4.12(a), we know that there exists 
an N > m such that cnt < L+e for alln > N. This implies that 


Cn4+1 < Cn(L + ¢) for sii n>N. By induction this implies that 


Cn < cen(L+ ayer for alln > N 
(why?). If we write A := cy(L+e)~%, then we have 
GS Ae)” 


and thus 
ch/n r< ANP 8) 


for alln > N. But we have 
lim AV"(L+e)=L+e 
noo 


by the limit laws (Theorem 6.1.19) and Lemma 6.5.3. Thus by the 
comparison principle (Lemma 6.4.13) we have 


lim sup ch/" < L+e. 


NCO 


But this is true for all ¢ > 0, so this must imply that 


lim sup ch/" < L 


N—->Co 


(why? prove by contradiction), as desired. 
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From Theorem 7.5.1 and Lemma 7.5.2 (and Exercise 7.5.3) we have 


Corollary 7.5.3 (Ratio test). Let S°° an be a series of non- 
zero numbers. (The non-zero hypothesis is required so that the ratios 
la@n4i|/|@n| appearing below are well-defined.) 


e Jf limsupy_+oo a <1, then the series \-°°_ an is absolutely 


convergent (hence conditionally convergent). 


e Jf liminfy 50 a > 1, then the series S>>-_,, Gn is not condi- 


tionally convergent (and thus cannot be absolutely convergent). 
e In the remaining cases, we cannot assert any conclusion. 
Another consequence of Lemma 7.5.2 is the following limit: 
Proposition 7.5.4. We have limy +o. ni/n =], 
Proof. By Lemma 7.5.2 we have 


lim sup n/” < lim sup (n+ 1)/n = lim sup 1+1/n=1 


NCO NCO n—->oco 


by Proposition 6.1.11 and limit laws (Theorem 6.1.19). Similarly we 
have 


lim inf n/" > lim inf (n+1)/n=lim inf 14+1/n=1. 
N+ O0o N—->Oo N—->0o 


The claim then follows from Proposition 6.4.12(c) and (f). 


Remark 7.5.5. In addition to the ratio and root tests, another very 
useful convergence test is the integral test, which we will cover in Propo- 
sition 11.6.4. 


— Exercises — 
Exercise 7.5.1. Prove the first inequality in Lemma 7.5.2. 


Exercise 7.5.2. Let x be a real number with |x| < 1, and gq be a real num- 
ber. Show that the series ae niz” is absolutely convergent, and that 
lim, 54. n?a”" = 0. 


Exercise 7.5.3. Give an example of a divergent series )>*~_, a, of positive 


: : 1 : 
numbers a, such that limp. @n41/dn = limMy+oo an” = 1, and give an 


example of a convergent series Mia by, of positive numbers 6, such that 
limp—soo bn41/bn = limn+oo bi/” = 1. (Hint: use Corollary 7.3.7.) This shows 
that the ratio and root tests can be inconclusive even when the summands are 
positive and all the limits converge. 


Chapter 8 


Infinite sets 


We now return to the study of set theory, and specifically to the study 
of cardinality of sets which are infinite (i.e., sets which do not have 
cardinality n for any natural number n), a topic which was initiated in 
Section 3.6. 


8.1 Countability 


From Proposition 3.6.14(c) we know that if X is a finite set, and Y is 
a proper subset of X, then Y does not have equal cardinality with X. 
However, this is not the case for infinite sets. For instance, from Theorem 
3.6.12 we know that the set N of natural numbers is infinite. The set 
N — {0} is also infinite, thanks to Proposition 3.6.14(a) (why?), and is a 
proper subset of N. However, the set N — {0}, despite being “smaller” 
than N, still has the same cardinality as N, because the function f : 
N — N-—{0} defined by f(n) := n+1, is a bijection from N to N — {0}. 
(Why?) This is one characteristic of infinite sets; see Exercise 8.1.1. 

We now distinguish two types of infinite sets: the countable sets and 
the uncountable sets. 


Definition 8.1.1 (Countable sets). A set X is said to be countably 
infinite (or just countable) iff it has equal cardinality with the natural 
numbers N. A set X is said to be at most countable iff it is either 
countable or finite. We say that a set is uncountable if it is infinite but 
not countable. 


Remark 8.1.2. Countably infinite sets are also called denumerable sets. 


Examples 8.1.3. From the preceding discussion we see that N is count- 
able, and so is N — {0}. Another example of a countable set is the even 
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natural numbers {2n :n € N}, since the function f(n) := 2n provides a 
bijection between N and the even natural numbers (why?). 


Let X be a countable set. Then, by definition, we know that there 
exists a bijection f : N — X. Thus, every element of X can be written 
in the form f(n) for exactly one natural number n. Informally, we thus 
have 


X = {f(0), FC); F(2), FB), +. t 


Thus, a countable set can be arranged in a sequence, so that we have 

a zeroth element f(0), followed by a first element f(1), then a sec- 

ond element f(2), and so forth, in such a way that all these elements 

f(0), f(1), f(2),... are all distinct, and together they fill out all of X. 

(This is why these sets are called countable; because we can literally 

count them one by one, starting from f(0), then f(1), and so forth.) 
Viewed in this way, it is clear why the natural numbers 


N = {0,1,2,3,...}, 
the positive integers 
N= {0} =4152535..3+, 
and the even natural numbers 
(024,685.24) 
are countable. However, it is not as obvious whether the integers 
Y one (Ce a See es 


or the rationals 

Q = {0,1/4, -2/3,...} 
or the reals 

R = {0, V2, —7, 2.5,...} 


are countable or not; for instance, it is not yet clear whether we can 
arrange the real numbers in a sequence f(0), f(1), f(2),..... We will 
answer these questions shortly. 

From Proposition 3.6.4 and Theorem 3.6.12, we know that countable 
sets are infinite; however it is not so clear whether all infinite sets are 
countable. Again, we will answer those questions shortly. We first need 
the following important principle. 
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Proposition 8.1.4 (Well ordering principle). Let X be a non-empty 
subset of the natural numbers N. Then there exists exactly one element 
n€ X such thatn <m for allm € X. In other words, every non-empty 
set of natural numbers has a minimum element. 


Proof. See Exercise 8.1.2. 


We will refer to the element n given by the well-ordering principle 
as the minimum of X, and write it as min(X). Thus for instance the 
minimum of the set {2,4,6,8,...} is 2. This minimum is clearly the 
same as the infimum of X, as defined in Definition 5.5.10 (why’). 


Proposition 8.1.5. Let X be an infinite subset of the natural numbers 
N. Then there exists a unique bijection f : N > X which is increasing, 
in the sense that f(n+1) > f(n) for alln € N. In particular, X has 
equal cardinality with N and is hence countable. 


Proof. We will give an incomplete sketch of the proof, with some gaps 
marked by a question mark (?); these gaps will be filled in Exercise 8.1.3. 

We now define a sequence ag, @1,@2,... of natural numbers recur- 
sively by the formula 


An = min{x € X : x # ap for all m < n}. 


Intuitively speaking, ag is the smallest element of X; a1 is the second 
smallest element of X, i-e., the smallest element of X once ag is removed; 
a is the third smallest element of X; and so forth. Observe that in order 
to define a,, one only needs to know the values of a,, for all m <n, so 
this definition is recursive. Also, since X is infinite, the set {x € X : 
x # Am for all m < n} is infinite(?), hence non-empty. Thus by the well- 
ordering principle, the minimum, min{z € X : x # a,» for all m < n} is 
always well-defined. 
One can show(?) that a, is an increasing sequence, i.e. 


ag<ay<ag<... 


and in particular that(?) a, # am for alln 4 m. Also, we have(?) 
ayn, € X for each natural number n. 

Now define the function f : N > X by f(n) := ay. From the 
previous paragraph we know that f is one-to-one. Now we show that f 
is onto. In other words, we claim that for every x € X, there exists an 
n such that ayn = x. 
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Let x € X. Suppose for sake of contradiction that a, 4 x for every 
natural number n. Then this implies(?) that 2 is an element of the 
set {2 € X : x # ap for allm < n} for all n. By definition of ay, 
this implies that « > ay for every natural number n. However, since 
Gp, is an increasing sequence, we have a, > n (?), and hence x > n for 
every natural number n. In particular we have « > «+1, which is a 
contradiction. Thus we must have a, = x for some natural number n, 
and hence f is onto. 

Since f : N > X is both one-to-one and onto, it is a bijection. 
We have thus found at least one increasing bijection f from N to X. 
Now suppose for sake of contradiction that there was at least one other 
increasing bijection g from N to X which was not equal to f. Then the 
set {n € N: g(n) 4 f(n)} is non-empty, and define m := min{n ce N: 
g(n) 4 f(n)}, thus in particular g(m) 4 f(m) = am, and g(n) = f(n) = 
dy for alln <_m. But we then must have(?) 


g(m) = min{a € X : x2 # a for all t < m} = an, 


a contradiction. Thus there is no other increasing bijection from N to 
X other than f. 


Since finite sets are at most countable by definition, we thus have 


Corollary 8.1.6. All subsets of the natural numbers are at most count- 
able. 


Corollary 8.1.7. If X is an at most countable set, and Y is a subset 
of X, then Y is at most countable. 


Proof. If X is finite then this follows from Proposition 3.6.14(c), so 
assume X is countable. Then there is a bijection f : X — N between 
X and N. Since Y is a subset of X, and f is a bijection from X and 
N, then when we restrict f to Y, we obtain a bijection between Y and 
f(Y). (Why is this a bijection?) Thus f(Y) has equal cardinality with 
Y. But f(Y) is a subset of N, and hence at most countable by Corollary 
8.1.6. Hence Y is also at most countable. 


Proposition 8.1.8. Let Y be a set, and let f : N— Y be a function. 
Then f(N) is at most countable. 


Proof. See Exercise 8.1.4. 
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Corollary 8.1.9. Let X be a countable set, and let f : X > Y bea 
function. Then f(X) is at most countable. 


Proof. See Exercise 8.1.5. 


Proposition 8.1.10. Let X be a countable set, and let Y be a countable 
set. Then X UY is a countable set. 


Proof. See Exercise 8.1.7. 


To summarize, any subset or image of a countable set is at most 
countable, and any finite union of countable sets is still countable. We 
can now establish countability of the integers. 


Corollary 8.1.11. The integers Z are countable. 


Proof. We already know that the set N = {0,1,2,3,...} of natural num- 
bers are countable. The set —N defined by 


—N := {-n:n E N} = {0, —1, —2, —3,...} 


is also countable, since the map f(n) := —n is a bijection between N 
and this set. Since the integers are the union of N and —N, the claim 


follows from Proposition 8.1.10 


To establish countability of the rationals, we need to relate count- 
ability with Cartesian products. In particular, we need to show that the 
set N x N is countable. We first need a preliminary lemma: 


Lemma 8.1.12. The set 
A:={(n,m) €NxXN:0<m<n} 
is countable. 


Proof. Define the sequence ag, a1, a2,... recursively by setting ag := 0, 
and @n41:= @, + n+ 1 for all natural numbers n. Thus 


ag = 03a, = 04+ lag =04+1+4+2;a3 =04+14+243;.... 


By induction one can show that a, is increasing, i.e., that an > am 
whenever n > m (why?). 
Now define the function f : A> N by 


f (n,m) := an +m. 
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We claim that f is one-to-one. In other words, if (n,m) and (n’,m’) are 
any two distinct elements of A, then we claim that f(n,m) 4 f(n’,m’). 

To prove this claim, let (n,m) and (n’,m’) be two distinct elements of 
A. There are three cases: n’ = n,n’ > n, and n’ < n. First suppose that 
n' =n. Then we must have m 4 m’, otherwise (n,m) and (n’,m’) would 
not be distinct. Thus a, +m 4 an +m’, and hence f(n,m) 4 f(n’,m’), 
as desired. 

Now suppose that n’ > n. Then n’ > n+ 1, and hence 


f(r’, m’) =ay +m! > ay > angi =an tnt. 
But since (n,m) € A, we have m <n <n+1, and hence 
f(n',m’') >a, t+n+1>a,+me= fi(n,m), 


and thus f(n’,m’) 4 f(n,m). 

The case n’ <n is proven similarly, by switching the roles of n and 
n’ in the previous argument. Thus we have shown that f is one-to-one. 
Thus f is a bijection from A to f(A), and so A has equal cardinality 
with f(A). But f(A) is a subset of N, and hence by Corollary 8.1.6 
f(A) is at most countable. Therefore A is at most countable. But, A 
is clearly not finite. (Why? Hint: if A was finite, then every subset of 
A would be finite, and in particular {(n,0) : n € N} would be finite, 
but this is clearly countably infinite, a contradiction.) Thus, A must be 
countable. 


Corollary 8.1.13. The set N x N is countable. 
Proof. We already know that the set 
A:={(n,m) €NxXN:0<m<n} 
is countable. This implies that the set 
B:={(n,sm)ENxN:0<n<m} 


is also countable, since the map f : A > B given by f(n,m) := (m,n) 
is a bijection from A to B (why?). But since N x N is the union of A 
and B (why?), the claim then follows from Proposition 8.1.10. 


Corollary 8.1.14. If X and Y are countable, then X x Y is countable. 


Proof. See Exercise 8.1.8. 
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Corollary 8.1.15. The rationals Q are countable. 


Proof. We already know that the integers Z are countable, which implies 
that the non-zero integers Z — {0} are countable (why?). By Corollary 
8.1.14, the set 


Z x (Z— {0}) = {(a,b) : a,b€ Z,b FO} 


is thus countable. If one lets f : Z x (Z— {0}) + Q be the function 
f(a,b) := a/b (note that f is well-defined since we prohibit b from being 
equal to 0), we see from Corollary 8.1.9 that f(Z x (Z— {0})) is at most 
countable. But we have f(Zx (Z—{0})) = Q (why? This is basically the 
definition of the rationals Q). Thus Q is at most countable. However, 
Q cannot be finite, since it contains the infinite set N. Thus Q is 
countable. 


Remark 8.1.16. Because the rationals are countable, we know in prin- 
ciple that it is possible to arrange the rational numbers as a sequence: 


Q = {ao, a1, a2, a3,...} 


such that every element of the sequence is different from every other 
element, and that the elements of the sequence exhaust Q (i.e., every 
rational number turns up as one of the elements a, of the sequence). 
However, it is quite difficult (though not impossible) to actually try and 
come up with an explicit sequence apo, a1, ... which does this; see Exercise 
8.1.10. 


— Exercises — 


Exercise 8.1.1. Let X be a set. Show that X is infinite if and only if there 
exists a proper subset Y ¢ X of X which has the same cardinality as X. (This 
exercise requires the axiom of choice, Axiom 8.1) 


Exercise 8.1.2. Prove Proposition 8.1.4. (Hint: you can either use induction, 
or use the principle of infinite descent, Exercise 4.4.2, or use the least upper 
bound (or greatest lower bound) principle, Theorem 5.5.9.) Does the well- 
ordering principle work if we replace the natural numbers by the integers? 
What if we replace the natural numbers by the positive rationals? Explain. 


Exercise 8.1.3. Fill in the gaps marked (?) in Proposition 8.1.5. 
Exercise 8.1.4. Prove Proposition 8.1.8. (Hint: the basic problem here is that 


f is not assumed to be one-to-one. Define A to be the set 


A:={nEN: f(m) F¥ f(n) for all 0< m <n}; 
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informally speaking, A is the set of natural numbers n for which f(n) does not 
appear in the sequence f(0), f(1),... f(m—1). Prove that when f is restricted 
to A, it becomes a bijection from A to f(N). Then use Proposition 8.1.5.) 


Exercise 8.1.5. Use Proposition 8.1.8 to prove Corollary 8.1.9. 


Exercise 8.1.6. Let A be a set. Show that A is at most countable if and only 
if there exists an injective map f: A— N from Ato N. 


Exercise 8.1.7. Prove Proposition 8.1.10. (Hint: by hypothesis, we have a 
bijection f : N > X, and a bijection g: N > Y. Now defineh: N-> XUY 
by setting h(2n) := f(n) and h(2n +1) := g(n) for every natural number n, 
and show that h(N) = X UY. Then use Corollary 8.1.9, and show that X UY 
cannot possibly be finite.) 


Exercise 8.1.8. Use Corollary 8.1.13 to prove Corollary 8.1.14. 


Exercise 8.1.9. Suppose that J is an at most countable set, and for each a € I, 
let A, be an at most countable set. Show that the set Le 7 Aa is also at most 
countable. In particular, countable unions of countable sets are countable. 
(This exercise requires the axiom of choice, see Section 8.4.) 


Exercise 8.1.10. Find a bijection f : N — Q from the natural numbers to the 
rationals. (Warning: this is actually rather tricky to do explicitly; it is difficult 
to get f to be simultaneously injective and surjective.) 


8.2 Summation on infinite sets 


We now introduce the concept of summation on countable sets, which 
will be well-defined provided that the sum is absolutely convergent. 


Definition 8.2.1 (Series on countable sets). Let X be a countable set, 
and let f : X — R be a function. We say that the series }) cy f(2) 
is absolutely convergent iff for some bijection g : N > X, the sum 
ro f(g(n)) is absolutely convergent. We then define the sum of 
dorex f(x) by the formula 


d- f@) = 0 f(r). 
n=0 


rex 


From Proposition 7.4.3 (and Proposition 3.6.4), one can show that 
these definitions do not depend on the choice of g, and so are well defined. 
We can now give an important theorem about double summations. 


Theorem 8.2.2 (Fubini’s theorem for infinite sums). Let f : Nx N—- 
R be a function such that Do (ameNxN f(n,m) is absolutely convergent. 
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Then we have 


Ss" ( f(n, n] = Ss" f (n,m) 
0 


n=0 \m= (nsm)ENXN 


= Ss" f(n, m) 


(m,n)ENXN 
= Ss" (dose : 
m=0 \n=0 


In other words, we can switch the order of infinite sums provided 
that the entire sum is absolutely convergent. You should go back and 
compare this with Example 1.2.5. 


Proof. (A sketch only; this proof is considerably more complex than the 
other proofs, and is optional reading.) The second equality follows easily 
from Proposition 7.4.3 (and Proposition 3.6.4). We shall just prove the 
first equality, as the third is very similar (basically one switches the réle 
of n and m). 

Let us first consider the case when f(n,m) is always non-negative 
(we will deal with the general case later). Write 


(nsm)ENXN 


our task is to show that the series }>*° )()->°_9 f(n,m)) converges to 
L. 

One can easily show that )iinmyex f(n,m) < L for all finite sets 
X CNxN. (Why? Use a bijection g between N x N and N, and 
then use the fact that g(X) is finite, hence bounded.) In particular, for 
every n € N and M EN we have ymaaee f(n,m) < L, which implies by 
Proposition 6.3.8 that $°>>°_ f(n,m) is convergent for each m. Similarly, 
for any N € N and M € N we have (by Corollary 7.1.14) 


N M 
SoS fum< SO f(nm)<L 
n=0 m=0 (nym)eEx 


where X is the set {(n,m) ©€ Nx N:n< N,m < M} which is finite 
by Proposition 3.6.14. Taking suprema of this as M — oo we have (by 
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limit laws, and an induction on N) 


N ow 
Sy f(n,m) < ZL 


n=0 m=0 


By Proposition 6.3.8, this implies that S77? )07°_y f(n,m) converges, 


and 
Ss" we f(n,m) <L 


n=0 m=0 


To finish the proof, it will suffice to show that 


(oe) [o-e) 

S75 fmm) >L—eE 

n=0 m=0 
for every ¢ > 0. (Why will this be enough? Prove by contradiction.) So, 
let ¢ > 0. By definition of L, we can then find a finite set X C Nx N 
such that Dlnaex f(n,m) > L—e. (Why?) This set, being finite, 
must be contained in some set of the form Y := {(n,m) E Nx N:n< 
N;m < M}. (Why? use induction.) Thus by Corollary 7.1.14 


+. ne Ss) f (n,m) > S> f(n,m)>L-« 


n=0m=0 (nsm)EY (nsm)EX 
and hence 
co 00 N N M 
SS iaiss SS fams> > famsbe 
n=0m=0 n=0m=0 n=0m=0 
as desired. 


This proves the claim when the f(n,m) are all non-negative. A 
similar argument works when the f(n,m) are all non-positive (in fact, 
one can simply apply the result just obtained to the function —f(n,m), 
and then use limit laws to remove the —. For the general case, note that 
any function f(n,m) can be written (why?) as f,(n,m) + f_(n,m), 
where f,(n,m) is the positive part of f(n,m) (i.e., it equals f(n,m) 
when f(n,m) is positive, and 0 otherwise), and f_ is the negative part 
of f(n,m) (it equals f(n,m) when f(n,m) is negative, and 0 otherwise). 
It is easy to show that if Di (nm)eNxN f(n,m) is absolutely convergent, 
then so are >in myenxn J+(%™) and Yin m)eNxNn f- (n,m). So now 
one applies the results just obtained to f; and to f_ and adds them 
together using limit laws to obtain the result for a general f. 
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There is another characterization of absolutely convergent series. 


Lemma 8.2.3. Let X be an at most countable set, and let f: X ~R 
be a function. Then the series \\,cx f(x) 1s absolutely convergent if 
and only if 


wo { Sie :ACX,A ft] << SO, 


recA 


Proof. See Exercise 8.2.1. 


Inspired by this lemma, we may now define the concept of an abso- 
lutely convergent series even when the set X could be uncountable. (We 
give some examples of uncountable sets in the next section.) 


Definition 8.2.4. Let X be a set (which could be uncountable), and 
let f : X + R be a function. We say that the series }))-y f(x) is 
absolutely convergent iff 


aapD |f(x)|: AC X,A nie} < oO. 


rEA 


Note that we have not yet said what the series }°,-y f(a) is equal 
to. This shall be accomplished by the following lemma. 


Lemma 8.2.5. Let X be a set (which could be uncountable), and let 
f :X > R be a function such that the series \\.cx f(x) is absolutely 
convergent. Then the set {x € X : f(x) £0} is at most countable. (This 
result requires the axiom of choice, see Section 8.4.) 


Proof. See Exercise 8.2.2. 


Because of this, we can define the value of }7).-y f(x) for any abso- 
lutely convergent series on an uncountable set X by the formula 


Sfe= YL fa), 


rex xEX:f(x)A0 


since we have replaced a sum on an uncountable set X by a sum on 
the countable set {2 € X : f(x) 4 0}. (Note that if the former sum is 
absolutely convergent, then the latter one is also.) Note also that this 
definition is consistent with the definitions we already have for series on 
countable sets. 
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We give some laws for absolutely convergent series on arbitrary sets. 


Proposition 8.2.6 (Absolutely convergent series laws). Let X be an 
arbitrary set (possibly uncountable), and let f: X > Randg:X >R 
be functions such that the series \) cx f(a) and Yicx g(x) are both 
absolutely convergent. 


(a) The series vex (f(x) + g(a)) is absolutely convergent, and 


dF (@) + 9(@)) = SO fe) + YF 92). 


rex rex rEx 


(b) If is a real number, then ))cx cf(x) is absolutely convergent, 
and 
Y efle) =e Fo) 
rex rex 


(c) IfX = X1UX2 for some disjoint sets X1 and Xo, then) .<x, f(x) 
and > vex, f(x) are absolutely convergent, and 


S> Aa) = 2 fle) + YS fla). 
tEX UX. rEX, rEXe 


Conversely, if h : X — R is such that docx, h(x) and 
vex, R(x) are absolutely convergent, then > irex,ux, h(x) is also 
absolutely convergent, and 


S> a(x) = S> A(x) + SE Ala). 


rEX{UX2 rEXy rEX2 


(d) If Y is another set, and @: Y + X is a bijection, then 
Sosy f(@(y)) ts absolutely convergent, and 


>> f(¢)) = D5 fe). 


yeY rExX 


(This result requires the axiom of choice when X is uncountable, see 
Section 8.4.) 


Proof. See Exercise 8.2.3. 


Recall in Example 7.4.4 that if a series was conditionally conver- 
gent, but not absolutely convergent, then its behaviour with respect to 
rearrangements was bad. We now analyze this phenomenon further. 
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Lemma 8.2.7. Let \77° 9 Gn be a series of real numbers which is con- 
ditionally convergent, but not absolutely convergent. Define the sets 
A, := {n € N: ay, > O} and AL := {n EN: a, < O}, thus 
A,;UA_ =N and Ayn A_ = 9. Then both of the series inca, A 
and yy ncA_ an are not conditionally convergent (and thus not absolutely 
convergent). 


Proof. See Exercise 8.2.4. 


We are now ready to present a remarkable theorem of Georg Rie- 
mann (1826-1866), which asserts that a series which converges condi- 
tionally but not absolutely can be rearranged to converge to any value 
one pleases! 


Theorem 8.2.8. Let )>7° 9 an be a series which is conditionally conver- 
gent, but not absolutely convergent, and let L be any real number. Then 
there exists a bijection f : N —+ N such that S>~_» Af(m) converges 
conditionally to L. 


Proof. (Optional) We give a sketch of the proof, leaving the details to 
be filled in in Exercise 8.2.5. Let A; and A_ be the sets in Lemma 8.2.7; 
from that lemma we know that Jone As dn and >),,¢4_ an both fail to be 
absolutely convergent. In particular A; and A~_ are infinite (why?). By 
Proposition 8.1.5 we can then find increasing bijections f,; : N > Ay 
and f_: N-> A_. Thus the sums }>7)_9 ay, (m) and 09 @f_(m) both 
fail to be absolutely convergent (why?). The plan shall be to select terms 
from the divergent series }>>>_9 a f-(m) and Ge f—(m) ina well-chosen 
order in order to keep their difference converging towards L. 

We define the sequence ng, 21, 72,... of natural numbers recursively 
as follows. Suppose that 7 is a natural number, and that n; has already 
been defined for all « < j (this is vacuously true if 7 = 0). We then 
define n; by the following rule: 


(1) If Mo<icj an; < L, then we set 
n= minin eA, in An; forall: <9}. 
(II) If instead )%9<;<; @n; = L, then we set 


npn ALi 1; forall. <7}. 
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Note that this recursive definition is well-defined because A; and 
A_ are infinite, and so the sets {n € Ay : n 4 n; for alli < j} and 
nj = min{n € A_:n 4 n; for alli < j} are never empty. (Intuitively, 
we add a non-negative number to the series whenever the partial sum 
is too low, and add a negative number when the sum is too high.) One 
can then verify the following claims: 


e The map j +> nj is injective. (Why?) 


Case I occurs an infinite number of times, and Case IT also occurs 
an infinite number of times. (Why? prove by contradiction.) 


e The map j +> nj is surjective. (Why?) 


e We have lim... an; = 0. (Why? Note from Corollary 7.2.6 that 
litt, 45th = 0.) 


e We have limjo0 )o<ic; Gn; = L. (Why?) 


The claim then follows by setting f(i) := n, for all 7. 


— Exercises — 


Exercise 8.2.1. Prove Lemma 8.2.3. (Hint: you may find Exercise 3.6.3 to be 
useful.) 


Exercise 8.2.2. Prove Lemma 8.2.5. (Hint: first show if M is the quantity 


M:= sup{ >> |f(a)|: A C X,A finite} 
aeA 


then the sets {x € X : |f(x)| > 1/n} are finite with cardinality at most Mn 
for every positive integer n. Then use Exercise 8.1.9 (which uses the axiom of 
choice, see Section 8.4).) 


Exercise 8.2.3. Prove Proposition 8.2.6. (Hint: you may of course use all the 
results from Chapter 7 to do this.) 


Exercise 8.2.4. Prove Lemma 8.2.7. (Hint: prove by contradiction, and use 
limit laws.) 


Exercise 8.2.5. Explain the gaps marked (why?) in the proof of Theorem 8.2.8. 


Exercise 8.2.6. Let paar Gy, be a series which is conditionally convergent, but 
not absolutely convergent. Show that there exists a bijection f : N — N such 
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that $>°_9 af(m) diverges to +00, or more precisely that 


co lo) 
lim inf oS af(m) = Hap se @f(m) = +00. 
m=N m=N 


(Of course, a similar statement holds with +oo replaced by —oo.) 


8.3 Uncountable sets 


We have just shown that a lot of infinite sets are countable - even such 
sets as the rationals, for which it is not obvious how to arrange as a 
sequence. After such examples, one may begin to hope that other infinite 
sets, such as the real numbers, are also countable - after all, the real 
numbers are nothing more than (formal) limits of the rationals, and 
we’ve already shown the rationals are countable, so it seems plausible 
that the reals are also countable. 

It was thus a great shock when Georg Cantor (1845-1918) showed 
in 1873 that certain sets - including the real numbers R are in fact 
uncountable - no matter how hard you try, you cannot arrange the real 
numbers R as a sequence ao, @1,d2,.... (Of course, the real numbers R 
can contain many infinite sequences, e.g., the sequence 0,1, 2,3,4,.... 
However, what Cantor proved is that no such sequence can ever exhaust 
the real numbers; no matter what sequence of real numbers you choose, 
there will always be some real numbers that are not covered by that 
sequence.) 

Recall from Remark 3.4.10 that if X is a set, then the power set of 
X, denoted 2* :={A: A C X}, is the set of all subsets of X. Thus for 
instance 2t!2} = {9, {1}, {2}, {1,2}}. The reason for the notation 2* is 
given in Exercise 8.3.1. 


Theorem 8.3.1 (Cantor’s theorem). Let X be an arbitrary set (finite 
or infinite). Then the sets X and 2* cannot have equal cardinality. 


Proof. Suppose for sake of contradiction that the sets X and 2* had 
equal cardinality. Then there exists a bijection f : X > 2* between X 
and the power set of X. Now consider the set 


A:={xEX:a¢ f(z)}. 


Note that this set is well-defined since f(x) is an element of 2* and is 
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hence a subset of X. Clearly A is a subset of X, hence is an element 
of 2*. Since f is a bijection, there must therefore exist « € X such 
that f(2) = A. There are now two cases, depending on whether x € A 
or x ¢ A. If x € A, then by definition of A we have x ¢ f(x), hence 
x ¢ A, acontradiction. But if x ¢ A, then x ¢ f(x), hence by definition 
of A we have x € A, a contradiction. Thus in either case we have a 
contradiction. 


Remark 8.3.2. The reader should compare the proof of Cantor’s the- 
orem with the statement of Russell’s paradox (Section 3.2). The point 
is that a bijection between X and 2* would come dangerously close to 
the concept of a set X “containing itself”. 


Corollary 8.3.3. 2N is uncountable. 


Proof. By Theorem 8.3.1, 2N cannot have equal cardinality with N, 
hence is either uncountable or finite. However, 2N contains as a subset 
the set of singletons {{n} : n € N}, which is clearly bijective to N 
and hence countably infinite. Thus 2N cannot be finite (by Proposition 
3.6.14), and is hence uncountable. 


Cantor’s theorem has the following important (and unintuitive) con- 
sequence. 


Corollary 8.3.4. R is uncountable. 


Proof. Let us define the map f : 2N > R by the formula 


f(A) = 50 10. 


neA 


Observe that since }7°°.)10~” is an absolutely convergent series (by 
Lemma 7.3.3), the series }°,-, 107" is also absolutely convergent (by 
Proposition 8.2.6(c)). Thus the map f is well defined. We now claim 
that f is injective. Suppose for sake of contradiction that there were 
two distinct sets A,B € 2N such that f(A) = f(B). Since A # B, the 
set (A\B) U (B\A) is a non-empty subset of N. By the well-ordering 
principle (Proposition 8.1.4), we can then define the minimum of this 
set, say No := min(A\B)U(B\A). Thus no either lies in A\B or B\A. 
By symmetry we may assume it lies in A\B. Then no € A, no ¢ B, and 
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for all n < no we either have n € A,B orn ¢ A, B. Thus 


0= f(A) — f(B) 

=o 10 

neA neB 
=| S> 1o*+10%+ S° 10% 

n<no:nEA n>no:neA 
-{ S°> 107+ S° 10" 
n<no:neEB n>no:nEB 
=10"%+ S° 10"- S° 10" 
n>no:neA n>no:nEeB 
> 10°" +0- S° 10 
n>no 


1 
> 10-7 — =19-"9 
3 9 

> 0, 


a contradiction, where we have used the geometric series lemma (Lemma 
7.3.3) to sum 


oe) (oe) 
Se S10 ee So 510". 
m=0 m=0 


n>no 


Thus f is injective, which means that f(2N) has the same cardinality as 
2N and is thus uncountable. Since f(2N) is a subset of R, this forces R 
to be uncountable also (otherwise this would contradict Corollary 8.1.7), 
and we are done. 


Remark 8.3.5. We will give another proof of this result using measure 
theory in Exercise 11.42.6. 


Remark 8.3.6. Corollary 8.3.4 shows that the reals have strictly larger 
cardinality than the natural numbers (in the sense of Exercise 3.6.7). 
One could ask whether there exist any sets which have strictly larger 
cardinality than the natural numbers, but strictly smaller cardinality 
than the reals. The Continuum Hypothesis asserts that no such sets 
exist. Interestingly, it was shown in separate works of Kurt Gédel (1906— 
1978) and Paul Cohen (1934-2007) that this hypothesis is independent 


198 &. Infinite sets 


of the other axioms of set theory; it can neither be proved nor disproved 
in that set of axioms (unless those axioms are inconsistent, which is 


highly unlikely). 


— Exercises — 


Exercise 8.3.1. Let X be a finite set of cardinality n. Show that 2* is a finite 
set of cardinality 2”. (Hint: use induction on n.) 


Exercise 8.3.2. Let A, B, C be sets such that A C B C C, and suppose that 
there is a injection f : C > A. Define the sets Do, D1, D2,... recursively by 
setting Do := B\A, and then Dn41 := f(D,) for all natural numbers n. Prove 
that the sets Do, Dj,... are all disjoint from each other (i.e., D, O Dm = 9 
whenever n #4 m). Also show that if g : A — B is the function defined by 
setting g(x) := f~'(x) when x € U7, Dn, and g(x) := x when x ¢ UP, Dn, 
then g does indeed map A to B and is a bijection between the two. In particular, 
A and B have the same cardinality. 


Exercise 8.3.3. Recall from Exercise 3.6.7 that a set A is said to have lesser or 
equal cardinality than a set B iff there is an injective map f : A —> B from A 
to B. Using Exercise 8.3.2, show that if A, B are sets such that A has lesser or 
equal cardinality to B and B has lesser or equal cardinality to A, then A and 
B have equal cardinality. (This is known as the Schréder-Bernstein theorem, 
after Ernst Schréder (1841-1902) and Felix Bernstein (1878-1956).) 


Exercise 8.3.4. Let us say that a set A has strictly lesser cardinality than a set 
B if A has lesser than or equal cardinality to B (in the sense of Exercise 3.6.7) 
but A does not have equal cardinality to B. Show that for any set X, that X 
has strictly lesser cardinality than 2*. Also, show that if A has strictly lesser 
cardinality than B, and B has strictly lesser cardinality than C, then A has 
strictly lesser cardinality than C. 


Exercise 8.3.5. Show that no power set (i.e., a set of the form 2* for some set 
X) can be countably infinite. 


8.4 The axiom of choice 


We now discuss the final axiom of the standard Zermelo-Fraenkel-Choice 
system of set theory, namely the axiom of choice. We have delayed intro- 
ducing this axiom for a while now, to demonstrate that a large portion of 
the foundations of analysis can be constructed without appealing to this 
axiom. However, in many further developments of the theory, it is very 
convenient (and in some cases even essential) to employ this powerful 
axiom. On the other hand, the axiom of choice can lead to a number 
of unintuitive consequences (for instance the Banach-Tarski paradox, a 
simplified version of which we will encounter in Section 11.43), and can 
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lead to proofs that are philosophically somewhat unsatisfying. Never- 
theless, the axiom is almost universally accepted by mathematicians. 
One reason for this confidence is a theorem due to the great logician 
Kurt Goédel, who showed that a result proven using the axiom of choice 
will never contradict a result proven without the axiom of choice (unless 
all the other axioms of set theory are themselves inconsistent, which is 
highly unlikely). More precisely, G6del demonstrated that the axiom 
of choice is undecidable; it can neither be proved nor disproved from 
the other axioms of set theory, so long as those axioms are themselves 
consistent. (From a set of inconsistent axioms one can prove that ev- 
ery statement is both true and false.) In practice, this means that any 
“real-life” application of analysis (more precisely, any application in- 
volving only “decidable” questions) which can be rigorously supported 
using the axiom of choice, can also be rigorously supported without the 
axiom of choice, though in many cases it would take a much more com- 
plicated and lengthier argument to do so if one were not allowed to use 
the axiom of choice. Thus one can view the axiom of choice as a con- 
venient and safe labour-saving device in analysis. In other disciplines 
of mathematics, notably in set theory in which many of the questions 
are not decidable, the issue of whether to accept the axiom of choice is 
more open to debate, and involves some philosophical concerns as well 
as mathematical and logical ones. However, we will not discuss these 
issues in this text. 

We begin by generalizing the notion of finite Cartesian products from 
Definition 3.5.7 to infinite Cartesian products. 


Definition 8.4.1 (Infinite Cartesian products). Let I be a set (possibly 
infinite), and for each a € I let Xq be aset. We then define the Cartesian 
product [[,¢; Xa to be the set 


Bs = (ta)aer € (LJ Xp)": tq € Xo for alla € I ‘ 
ael Bel 


where we recall (from Axiom 3.10) that (U,¢;Xa)/ is the set of all 
functions (%q)aer which assign an element x € U act Xp to eacha€ I. 
Thus [],<¢; Xa is a subset of that set of functions, consisting instead of 
those functions (%q)aer which assign an element rq € Xq to eacha € I. 


Example 8.4.2. For any sets J and X, we have [[,-;X = X! (why?). 
If I is a set of the form J := {i € N: 1 <i <n}, then [[,-; Xo is the 
same set as the set [],<;<, Xi defined in Definition 3.5.7 (why?). 
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Recall from Lemma 3.5.12 that if X,,...,X, were any finite collec- 
tion of non-empty sets, then the finite Cartesian product [],<;<,, Xi was 
also non-empty. The axiom of choice asserts that this statement is also 
true for infinite Cartesian products: 


Axiom 8.1 (Choice). Let I be a set, and for each a € I, let Xq be 
a non-empty set. Then [[,e7Xa is also non-empty. In other words, 
there exists a function (%a)aer which assigns to each a € I an element 
La € Xq. 


Remark 8.4.3. The intuition behind this axiom is that given a (pos- 
sibly infinite) collection of non-empty sets Xq, one should be able to 
choose a single element x, from each one, and then form the possibly 
infinite tuple (%a)aer from all the choices one has made. On one hand, 
this is a very intuitively appealing axiom; in some sense one is just apply- 
ing Lemma 3.1.6 over and over again. On the other hand, the fact that 
one is making an infinite number of arbitrary choices, with no explicit 
rule as to how to make these choices, is a little disconcerting. Indeed, 
there are many theorems proven using the axiom of choice which assert 
the abstract existence of some object x with certain properties, with- 
out saying at all what that object is, or how to construct it. Thus the 
axiom of choice can lead to proofs which are non-constructive - demon- 
strating existence of an object without actually constructing the object 
explicitly. This problem is not unique to the axiom of choice - it already 
appears for instance in Lemma 3.1.6 - but the objects shown to exist 
using the axiom of choice tend to be rather extreme in their level of 
non-constructiveness. However, as long as one is aware of the distinc- 
tion between a non-constructive existence statement, and a constructive 
existence statement (with the latter being preferable, but not strictly 
necessary in many cases), there is no difficulty here, except perhaps on 
a philosophical level. 


Remark 8.4.4. There are many equivalent formulations of the axiom 
of choice; we give some of these in the exercises below. 


In analysis one often does not need the full power of the axiom of 
choice. Instead, one often only needs the aziom of countable choice, 
which is the same as the axiom of choice but with the index set J re- 
stricted to be at most countable. We give a typical example of this 
below. 
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Lemma 8.4.5. Let E be a non-empty subset of the real line with 
sup(E) < oo (i.e., E is bounded from above). Then there exists a se- 
quence (an)°, whose elements ay all lie in E, such that limpn+0 dn = 
sup(£). 


Proof. For each positive natural number n, let X,, denote the set 
Xn i= {x € FE: sup(£)—1/n < « < sup(L)}. 


Since sup(£) is the least upper bound for FE, then sup(£) — 1/n cannot 
be an upper bound for EF, and so X,, is non-empty for each n. Using the 
axiom of choice (or the axiom of countable choice), we can then find a 
sequence (a7)°°, such that an € X, for all n > 1. In particular a, € E 
for all n, and sup(£) — 1/n < ap < sup(£) for all n. But then we have 


limp—+oo Gn = sup(/) by the squeeze test (Corollary 6.4.14). 


Remark 8.4.6. In many special cases, one can obtain the conclusion 
of this lemma without using the axiom of choice. For instance, if F is 
a closed set (Definition 11.4.12) then one can define a, without choice 
by the formula a, := inf(X,,); the extra hypothesis that F is closed will 
ensure that a, lies in E. 


Another formulation of the axiom of choice is as follows. 


Proposition 8.4.7. Let X and Y be sets, and let P(x,y) be a property 
pertaining to an object x © X and an object y © Y such that for every 
x € X there is at least one y € Y such that P(x,y) is true. Then there 
exists a function f : X + Y such that P(x, f(x)) is true for alla EX. 


Proof. See Exercise 8.4.1. 


— Exercises — 


Exercise 8.4.1. Show that the axiom of choice implies Proposition 8.4.7. (Hint: 
consider the sets Y, := {y € Y : P(x, y) is true} for each x € X.) Conversely, 
show that if Proposition 8.4.7 is true, then the axiom of choice is also true. 


Exercise 8.4.2. Let I be a set, and for each a € I let X,q be a non-empty set. 
Suppose that all the sets Xq are disjoint from each other, i.e., Xo 1 Xg = 0 
for all distinct a, 6 € I. Using the axiom of choice, show that there exists a set 
Y such that #(Y NX.) = 1 for all a € I (i.e., Y intersects each Xq in exactly 
one element). Conversely, show that if the above statement was true for an 
arbitrary choice of sets J and non-empty disjoint sets X,, then the axiom of 
choice is true. (Hint: the problem is that in Axiom 8.1 the sets X, are not 
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assumed to be disjoint. But this can be fixed by the trick by looking at the 
sets {a} x Xq = {(a, x): a € Xq} instead.) 


Exercise 8.4.3. Let A and B be sets such that there exists a surjection g : 
B— A. Using the axiom of choice, show that there then exists an injection 
f : A — B; in other words A has lesser or equal cardinality to B in the sense 
of Exercise 3.6.7. (Hint: consider the inverse images g~'({a}) for each a € A.) 
Compare this with Exercise 3.6.8. Conversely, show that if the above statement 
is true for arbitrary sets A, B and surjections g : B — A, then the axiom of 
choice is true. (Hint: use Exercise 8.4.2.) 


8.5 Ordered sets 


The axiom of choice is intimately connected to the theory of ordered sets. 
There are actually many types of ordered sets; we will concern ourselves 
with three such types, the partially ordered sets, the totally ordered sets, 
and the well-ordered sets. 


Definition 8.5.1 (Partially ordered sets). A partially ordered set (or 
poset) is a set X, together! with a relation <x on X (thus for any two 
objects x,y € X, the statement x <x y is either a true statement or 
a false statement). Furthermore, this relation is assumed to obey the 
following three properties: 


e (Reflexivity) For any x € X, we have x <x @. 


e (Anti-symmetry) If x,y € X are such that x <x y and y <x 2, 
then x = y. 


e (Transitivity) If x,y,z € X are such that x <x y and y <x z, 
then x <x z. 


We refer to <x as the ordering relation. In most situations it is under- 
stood what the set X is from context, and in those cases we shall simply 
write < instead of <x. We write x <x y (or x < y for short) if 7 <x y 
and 7 # y. 


Examples 8.5.2. The natural numbers N together with the usual less- 
than-or-equal-to relation < (as defined in Definition 2.2.11) forms a par- 
tially ordered set, by Proposition 2.2.12. Similar arguments (using the 


‘Strictly speaking, a partially ordered set is not a set X, but rather a pair (X,<x). 
But in many cases the ordering <x will be clear from context, and so we shall refer 
to X itself as the partially ordered set even though this is technically incorrect. 
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appropriate definitions and propositions) show that the integers Z, the 
rationals Q, the reals R, and the extended reals R* are also partially 
ordered sets. Meanwhile, if X is any collection of sets, and one uses the 
relation of is-a-subset-of C (as defined in Definition 3.1.15) for the order- 
ing relation <x, then X is also partially ordered (Proposition 3.1.18). 
Note that it is certainly possible to give these sets a different partial 
ordering than the standard one; see for instance Exercise 8.5.3. 


Definition 8.5.3 (Totally ordered set). Let X be a partially ordered 
set with some order relation <x. A subset Y of X is said to be totally 
ordered if, given any two y,y’ € Y, we either have y <x y/ ory! <x y 
(or both). If X itself is totally ordered, we say that X is a totally ordered 
set (or chain) with order relation <x. 


Examples 8.5.4. The natural numbers N, the integers Z, the ratio- 
nals Q, reals R, and the extended reals R*, all with the usual or- 
dering relation <, are totally ordered (by Proposition 2.2.13, Lemma 
4.1.11, Proposition 4.2.9, Proposition 5.4.7, and Proposition 6.2.5 re- 
spectively). Also, any subset of a totally ordered set is again totally 
ordered (why?). On the other hand, a collection of sets with the C 
relation is usually not totally ordered. For instance, if X is the set 
{{1, 2}, {2}, {2,3}, {2,3,4},{5}}, ordered by the set inclusion relation 
C, then the elements {1,2} and {2,3} of X are not comparable to each 
other (ie., {1,2} Z {2,3} and {2,3} ¢ {1, 2}). 


Definition 8.5.5 (Maximal and minimal elements). Let X be a par- 
tially ordered set, and let Y be a subset of X. We say that y is a minimal 
element of Y if y € Y and there is no element y/ € Y such that y/ < y. 
We say that y is a maximal element of Y if y € Y and there is no 
element y/ € Y such that y < y/’. 


Example 8.5.6. Using the set X from the previous example, {2} is a 
minimal element, {1,2} and {2,3,4} are maximal elements, {5} is both 
a minimal and a maximal element, and {2,3} is neither a minimal nor 
a maximal element. This example shows that a partially ordered set 
can have multiple maxima and minima; however, a totally ordered set 
cannot (Exercise 8.5.7). 


Example 8.5.7. The natural numbers N (ordered by <) has a minimal 
element, namely 0, but no maximal element. The set of integers Z has 
no maximal and no minimal element. 
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Definition 8.5.8 (Well-ordered sets). Let X be a partially ordered set, 
and let Y be a totally ordered subset of X. We say that Y is well-ordered 
if every non-empty subset of Y has a minimal element min(Y). 


Examples 8.5.9. The natural numbers N are well-ordered by Propo- 
sition 8.1.4. However, the integers Z, the rationals Q, and the real 
numbers R are not (see Exercise 8.1.2). Every finite totally ordered set 
is well-ordered (Exercise 8.5.8). Every subset of a well-ordered set is 
again well-ordered (why’). 


One advantage of well-ordered sets is that they automatically obey 
a principle of strong induction (cf. Proposition 2.2.14): 


Proposition 8.5.10 (Principle of strong induction). Let X be a well- 
ordered set with an ordering relation <, and let P(n) be a property per- 
taining to an element n € X (i.e., for eachn € X, P(n) is either a true 
statement or a false statement). Suppose that for everyn € X, we have 
the following implication: if P(m) is true for allm € X with m <x n, 
then P(n) is also true. Prove that P(n) is true for alln € X. 


Remark 8.5.11. It may seem strange that there is no “base” case 
in strong induction, corresponding to the hypothesis P(0) in Axiom 
2.5. However, such a base case is automatically included in the strong 
induction hypothesis. Indeed, if 0 is the minimal element of X, then by 
specializing the hypothesis “if P(m) is true for allm € X with m <x n, 
then P(n) is also true” to the n = 0 case, we automatically obtain that 
P(0) is true. (Why?) 


Proof. See Exercise 8.5.10. 


So far we have not seen the axiom of choice play any role. This will 
come in once we introduce the notion of an upper bound and a strict 
upper bound. 


Definition 8.5.12 (Upper bounds and strict upper bounds). Let X be 
a partially ordered set with ordering relation <, and let Y be a subset 
of X. If « € X, we say that x is an upper bound for Y iff y < a for all 
y € Y. If in addition x ¢ Y, we say that x is a strict upper bound for 
Y. Equivalently, x is a strict upper bound for Y iff y < a for ally € Y. 
(Why is this equivalent?) 


Example 8.5.13. Let us work in the real number system R with the 
usual ordering <. Then 2 is an upper bound for the set {2 € R:1< 
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x < 2} but is not a strict upper bound. The number 3, on the other 
hand, is a strict upper bound for this set. 


Lemma 8.5.14. Let X be a partially ordered set with ordering relation 
<, and let xo be an element of X. Then there is a well-ordered subset 
Y of X which has xo as its minimal element, and which has no strict 
upper bound. 


Proof. The intuition behind this lemma is that one is trying to perform 
the following algorithm: we initalize Y := {ag}. If Y has no strict upper 
bound, then we are done; otherwise, we choose a strict upper bound and 
add it to Y. Then we look again to see if Y has a strict upper bound 
or not. If not, we are done; otherwise we choose another strict upper 
bound and add it to Y. We continue this algorithm “infinitely often” 
until we exhaust all the strict upper bounds; the axiom of choice comes 
in because infinitely many choices are involved. This is however not a 
rigorous proof because it is quite difficult to precisely pin down what it 
means to perform an algorithm “infinitely often”. Instead, what we will 
do is that we will isolate a collection of “partially completed” sets Y, 
which we shall call good sets, and then take the union of all these good 
sets to obtain a “completed” object Y3, which will indeed have no strict 
upper bound. 

We now begin the rigorous proof. Suppose for sake of contradiction 
that every well-ordered subset Y of X which has zg as its minimal 
element has at least one strict upper bound. Using the axiom of choice 
(in the form of Proposition 8.4.7), we can thus assign a strict upper 
bound s(Y) € X to each well-ordered subset Y of X which has 29 as its 
minimal element. 

Let us define a special class of subsets Y of X. We say that a subset 
Y of X is good iff it is well-ordered, contains xp as its minimal element, 
and obeys the property that 


x=s({yEeY:y<-z}) forall xe Y\{xo}. 


Note that if  € Y\{ao} then the set {y € Y : y < x} is a subset of 
X which is well-ordered and contains x9 as its minimal element. Let 
Q := {Y C X : Y is good} be the collection of all good subsets of X. 
This collection is not empty, since the subset {xo} of X is clearly good 
(why?). 

We make the following important observation: if Y and Y’ are two 
good subsets of X, then every element of Y’\Y is a strict upper bound for 
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Y, and every element of Y\Y’ is a strict upper bound for Y’. (Exercise 
8.5.13). In particular, given any two good sets Y and Y’, at least one of 
Y’\Y and Y\Y’ must be empty (since they are both strict upper bounds 
of each other). In other words, 2 is totally ordered by set inclusion: given 
any two good sets Y and Y’, either Y CY’ or Y’CY. 

Let Yoo := UQ, ie., Yoo is the set of all elements of X which belong 
to at least one good subset of X. Clearly x9 € Yoo. Also, since each 
good subset of X has zo as its minimal element, the set Y also has xg 
as its minimal element (why?). 

Next, we show that Y,, is totally ordered. Let x,’ be two elements 
of Ya. By definition of Y, we know that x lies in some good set Y 
and 2’ lies in some good set Y’. But since 2 is totally ordered, one of 
these good sets contains the other. Thus 2,2’ are contained in a single 
good set (either Y or Y’); since good sets are totally ordered, we thus 
see that either « < x’ or a’ < x as desired. 

Next, we show that Y,. is well-ordered. Let A be any non-empty 
subset of Yx. Then we can pick an element a € A, which then lies in 
Y x. Therefore there is a good set Y such that a€ Y. Then ANY isa 
non-empty subset of Y; since Y is well-ordered, the set AMY thus has 
a minimal element, call it b. Now recall that for any other good set Y’, 
every element of Y’\Y is a strict upper bound for Y, and in particular is 
larger than b. Since b is a minimal element of ANY, this implies that b 
is also a minimal element of ANY’ for any good set Y’ with ANY’ 40 
(why?). Since every element of A belongs to Y and hence belongs to 
at least one good set Y’, we thus see that b is a minimal element of A. 
Thus Y., is well-ordered as claimed. 

Since Yj. is well-ordered with xo as its minimal element, it has a 
strict upper bound s(Y..). But then Yo U{s(Yoo)} is well-ordered (why? 
see Exercise 8.5.11) and has xo as its minimal element (why?). Thus 
this set is good, and must therefore be contained in Y,,. But this is a 
contradiction since s(Y,) is a strict upper bound for Y,,. Thus we have 
constructed a set with no strict upper bound, as desired. 


The above lemma has the following important consequence: 


Lemma 8.5.15 (Zorn’s lemma). Let X be a non-empty partially ordered 
set, with the property that every totally ordered subset Y of X has an 
upper bound. Then X contains at least one maximal element. 


Proof. See Exercise 8.5.14. 
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We give some applications of Zorn’s lemma (also called the principle 
of transfinite induction) in the exercises below. 


— Exercises — 


Exercise 8.5.1. Consider the empty set @ with the empty order relation <g 
(this relation is vacuous because the empty set has no elements). Is this set 
partially ordered? totally ordered? well-ordered? Explain. 


Exercise 8.5.2. Give examples of a set X and a relation < such that 


(a) The relation < is reflexive and anti-symmetric, but not transitive; 
(b) The relation < is reflexive and transitive, but not anti-symmetric; 


(c) The relation < is anti-symmetric and transitive, but not reflexive. 


Exercise 8.5.3. Given two positive integers n,m € N\{0}, we say that n divides 
m, and write n|m, if there exists a positive integer a such that m = na. Show 
that the set N\{0} with the ordering relation | is a partially ordered set but 
not a totally ordered one. Note that this is a different ordering relation from 
the usual < ordering of N\{O}. 


Exercise 8.5.4. Show that the set of positive reals R* := {2 € R: x > 0} have 
no minimal element. 


Exercise 8.5.5. Let f : X — Y be a function from one set X to another set Y. 
Suppose that Y is partially ordered with some ordering relation <y. Define a 
relation <x on X by defining x <x 2’ if and only if f(x) <y f(a’) or x =2"’. 
Show that this relation <x turns X into a partially ordered set. If we know in 
addition that the relation <y makes Y totally ordered, does this mean that the 
relation <x makes X totally ordered also? If not, what additional assumption 
needs to be made on f in order to ensure that <x makes X totally ordered? 


Exercise 8.5.6. Let X be a partially ordered set. For any x in X, define the 
order ideal (x) C X to be the set (x) := {ye X:y < x}. Let (X) :={(a): ve 
X} be the set of all order ideals, and let f : X — (X) be the map f(z) := (2) 
that sends every element of x to its order ideal. Show that f is a bijection, and 
that given any x,y € X, that x <x y if and only if f(x) C f(y). This exercise 
shows that any partially ordered set can be represented by a collection of sets 
whose ordering relation is given by set inclusion. 


Exercise 8.5.7. Let X be a partially ordered set, and let Y be a totally ordered 
subset of X. Show that Y can have at most one maximum and at most one 
minimum. 


Exercise 8.5.8. Show that every finite non-empty subset of a totally ordered set 
has a minimum and a maximum. (Hint: use induction.) Conclude in particular 
that every finite totally ordered set is well-ordered. 
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Exercise 8.5.9. Let X be a totally ordered set such that every non-empty subset 
of X has both a minimum and a maximum. Show that X is finite. (Hint: 
assume for sake of contradiction that X is infinite. Start with the minimal 


element xo of X and then construct an increasing sequence % < x1 <... in 
X.) 


Exercise 8.5.10. Prove Proposition 8.5.10, without using the axiom of choice. 
(Hint: consider the set 


Y := {n € X : P(m) is false for some m € X with m <x n}, 


and show that Y being non-empty would lead to a contradiction.) 


Exercise 8.5.11. Let X be a partially ordered set, and let Y and Y’ be well- 
ordered subsets of X. Show that YUY’ is well-ordered if and only if it is totally 
ordered. 


Exercise 8.5.12. Let X and Y be partially ordered sets with ordering relations 
<x and <y respectively. Define a relation <x xy on the Cartesian product 
X x Y by defining (2, y) <xxy (2’,y’) if a <x 2’, orif# =a’ and y <y y’. 
(This is called the lexicographical ordering on X x Y, and is similar to the 
alphabetical ordering of words; a word w appears earlier in a dictionary than 
another word w’ if the first letter of w is earlier in the alphabet than the first 
letter of w’, or if the first letters match and the second letter of w is earlier 
than the second letter of w’, and so forth.) Show that <x xy defines a partial 
ordering on X x Y. Furthermore, show that if X and Y are totally ordered, 
then so is X x Y, and if X and Y are well-ordered, then so is X x Y. 


Exercise 8.5.13. Prove the claim in the proof of Lemma 8.5.14, namely that 
every element of Y’\Y is an upper bound for Y and vice versa. (Hint: Show 
using Proposition 8.5.10 that 


{fyeYiysap}={yeY':y<as={yeYnY':y<a} 


for alae Y NY’. Conclude that Y NY’ is good, and hence s(Y MY’) exists. 
Show that s(Y NY’) = min(Y’\Y) if Y’\Y is non-empty, and similarly with 
Y and Y’ interchanged. Since Y’\Y and Y\Y’ are disjoint, one can then 
conclude that one of these sets is empty, at which point the claim becomes 
easy to establish.) 


Exercise 8.5.14. Use Lemma 8.5.14 to prove Lemma 8.5.15. (Hint: first show 
that if X had no maximal elements, then any subset of X which has an upper 
bound, also has a strict upper bound.) 


Exercise 8.5.15. Let A and B be two non-empty sets such that A does not have 
lesser or equal cardinality to B. Using the principle of transfinite induction, 
prove that B has lesser or equal cardinality to A. (Hint: for every subset 
X C B, let P(X) denote the property that there exists an injective map from X 
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to A.) This exercise (combined with Exercise 8.3.3) shows that the cardinality 
of any two sets is comparable, as long as one assumes the axiom of choice. 


Exercise 8.5.16. Let X be a set, and let P be the set of all partial orderings 
of X. (For instance, if X := N\{0}, then both the usual partial ordering <, 
and the partial ordering in Exercise 8.5.3, are elements of P.) We say that one 
partial ordering <€ P is coarser than another partial ordering <’€ P if for any 
x,y € P, we have the implication (x < y) = > (a <’ y). Thus for instance 
the partial ordering in Exercise 8.5.3 is coarser than the usual ordering <. Let 
us write <<<’ if < is coarser than <’. Show that = turns P into a partially 
ordered set; thus the set of partial orderings on X is itself partially ordered. 
There is exactly one minimal element of P; what is it? Show that the maximal 
elements of P are precisely the total orderings of P. Using Zorn’s lemma, show 
that given any partial ordering < of X there exists a total ordering <’ such 
that < is coarser than <’. 


Exercise 8.5.17. Use Zorn’s lemma to give another proof of the claim in Exercise 
8.4.2. (Hint: let © be the set of all Y C U,e; Xa such that #(Y NM Xa) <1 
for all a € I, i.e., all sets which intersect each Xq in at most one element. 
Use Zorn’s lemma to locate a maximal element of 2.) Deduce that Zorn’s 
lemma and the axiom of choice are in fact logically equivalent (i.e., they can 
be deduced from each other). 


Exercise 8.5.18. Using Zorn’s lemma, prove Hausdorff’s maximality principle: 
if X is a partially ordered set, then there exists a totally ordered subset Y of 
X which is maximal with respect to set inclusion (i.e. there is no other totally 
ordered subset Y’ of X which contains Y. Conversely, show that if Hausdorff’s 
maximality principle is true, then Zorn’s lemma is true. Tthus by Exercise 
8.5.17, these two statements are logically equivalent to the axiom of choice. 


Exercise 8.5.19. Let X be a set, and let 2 be the space of all pairs (Y,<), 
where Y is a subset of X and < is a well-ordering of Y. If (Y,<) and (Y’, <’) 
are elements of Q, we say that (Y,<) is an initial segment of (Y’,<’) if there 
exists an « € Y’ such that Y := {y © Y’: y <’ x} (so in particular Y ¢ Y’), 
and for any y,y’ € Y, y < y’ if and only if y <’ y’. Define a relation X on 2 by 
defining (Y,<) x (Y’, <’) if either (Y,<) = (Y’,<’), or if (Y, <) is an initial 
segment of (Y’,<’). Show that ~ is a partial ordering of 2. There is exactly 
one minimal element of 0; what is it? Show that the maximal elements of 2 
are precisely the well-orderings (X, <) of X. Using Zorn’s lemma, conclude the 
well ordering principle: every set X has at least one well-ordering. Conversely, 
use the well-ordering principle to prove the axiom of choice, Axiom 8.1. (Hint: 
place a well-ordering < on U,¢; Xa, and then consider the minimal elements 
of each X,.) We thus see that the axiom of choice, Zorn’s lemma, and the 
well-ordering principle are all logically equivalent to each other. 


Exercise 8.5.20. Let X be a set, and let Q C 2* be a collection of subsets of 
X. Assume that 2 does not contain the empty set @. Using Zorn’s lemma, 
show that there is a subcollection 2’ C Q such that all the elements of 9’ are 
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disjoint from each other (i.e., AM B = @ whenever A, B are distinct elements 
of 9’), but that all the elements of 2 intersect at least one element of 1’ (i-e., 
for all C € © there exists A € 9’ such that CN A 4 0). (Hint: consider all 
the subsets of 2. whose elements are all disjoint from each other, and locate 
a maximal element of this collection.) Conversely, if the above claim is true, 
show that it implies the claim in Exercise 8.4.2, and thus this is yet another 
claim which is logically equivalent to the axiom of choice. (Hint: let 2 be the 
set of all pair sets of the form {(0,a@), (1,%a)}, where a € I and ry € Xq.) 


Chapter 9 


Continuous functions on R 


In previous chapters we have been focusing primarily on sequences. A 
sequence (Gp,)°2,) can be viewed as a function from N to R, ie., an 
object which assigns a real number a, to each natural number n. We 
then did various things with these functions from N to R, such as take 
their limit at infinity (if the function was convergent), or form suprema, 
infima, etc., or computed the sum of all the elements in the sequence 
(again, assuming the series was convergent). 

Now we will look at functions not on the natural numbers N, which 
are “discrete”, but instead look at functions on a continuum! such as 
the real line R, or perhaps on an interval such as {x € R: a< a < dD}. 
Eventually we will perform a number of operations on these functions, 
including taking limits, computing derivatives, and evaluating integrals. 
In this chapter we will focus primarily on limits of functions, and on the 
closely related concept of a continuous function. 

Before we discuss functions, though, we must first set out some no- 
tation for subsets of the real line. 


9.1 Subsets of the real line 


Very often in analysis we do not work on the whole real line R, but 
on certain subsets of the real line, such as the positive real axis {x € 
R: az > 0}. Also, we occasionally work with the extended real line R* 
defined in Section 6.2, or in subsets of that extended real line. 


"We will not rigorously define the notion of a discrete set or a continuum in this 
text, but roughly speaking a set is discrete if each element is separated from the rest 
of the set by some non-zero distance, whereas a set is a continuum if it is connected 
and contains no “holes”. 
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There are of course infinitely many subsets of the real line; indeed, 
Cantor’s theorem (Theorem 8.3.1; see also Exercise 8.3.4) shows that 
there are even more such sets than there are real numbers. However, 
there are certain special subsets of the real line (and the extended real 
line) which arise quite often. One such family of sets are the intervals. 


Definition 9.1.1 (Intervals). Let a,b € R* be extended real numbers. 
We define the closed interval [a,b] by 


[a,b] := {xe R*:a<a<}d}, 
the half-open intervals |a,b) and (a, b] by 
i@,d).=46 eR sae <bbe (a,b) =4ee Re ta or ao 
and the open intervals (a,b) by 
(a,b) :={x# E R*:a<2< bd}. 
We call a the left endpoint of these intervals, and b the right endpoint. 


Remark 9.1.2. Once again, we are overloading the parenthesis no- 
tation; for instance, we are now using (2,3) to denote both an open 
interval from 2 to 3, as well as an ordered pair in the Cartesian plane 
R? := Rx R. This can cause some genuine ambiguity, but the reader 
should still be able to resolve which meaning of the parentheses is in- 
tended from context. In some texts, this issue is resolved by using re- 
versed brackets instead of parenthesis, thus for instance [a, b) would now 
be [a, b[, (a, 6] would be Ja, b], and (a,b) would be Ja, bf. 


Examples 9.1.3. If a@ and 6 are real numbers (i.e., not equal to +00 
or —oo) then all of the above intervals are subsets of the real line, for 
instance [2,3) = {© € R: 2 < x < 3}. The positive real axis {x € 
R : « > 0} is the open interval (0,+00), while the non-negative real 
axis {x € R: x > 0} is the half-open interval [0,+00). Similarly, the 
negative real axis {2 € R: x < 0} is (—co,0), and the non-positive real 
axis {x € R: x < 0} is (—ov, 0]. Finally, the real line R itself is the open 
interval (—co, +00), while the extended real line R* is the closed interval 
[—oo, too]. We sometimes refer to an interval in which one endpoint is 
infinite (either +oo or —oo) as half-infinite intervals, and intervals in 
which both endpoints are infinite as doubly-infinite intervals; all other 
intervals are bounded intervals. Thus [2,3) is a bounded interval, the 
positive and negative real axes are half-infinite intervals, and R and R* 
are infinite intervals. 
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Example 9.1.4. If a > b then all four of the intervals [a, 6], [a, b), (a, d], 
and (a,b) are the empty set (why?). If a = 6, then the three intervals 
(a,b), (a, 6], and (a,b) are the empty set, while [a, b] is just the singleton 
set {a} (why?). Because of this, we call these intervals degenerate; most 
(but not all) of our analysis will be restricted to non-degenerate intervals. 


Of course intervals are not the only interesting subsets of the real 
line. Other important examples include the natural numbers N, the 
integers Z, and the rationals Q. One can form additional sets using 
such operations as union and intersection (see Section 3.1), for instance 
one could have a disconnected union of two intervals such as (1, 2)U[3, 4], 
or one could consider the set [—1,1] MQ of rational numbers between 
—1 and 1 inclusive. Clearly there are infinitely many possibilities of sets 
one could create by such operations. 

Just as sequences of real numbers have limit points, sets of real 
numbers have adherent points, which we now define. 


Definition 9.1.5 (<-adherent points). Let X be a subset of R, let ¢ > 0, 
and let « € R. We say that x is c-adherent to X iff there exists a y © X 
which is €-close to x (i.e., |a — y| < €). 


Remark 9.1.6. The terminology “c-adherent” is not standard in the 
literature. However, we shall shortly use it to define the notion of an 
adherent point, which is standard. 


Example 9.1.7. The point 1.1 is 0.5-adherent to the open interval 
(0,1), but is not 0.1-adherent to this interval (why?). The point 1.1 is 
0.5-adherent to the finite set {1,2,3}. The point 1 is 0.5-adherent to 
{1,2,3} (why?). 


Definition 9.1.8 (Adherent points). Let X be a subset of R, and let 
x ER. We say that x is an adherent point of X iff it is c-adherent to 
X for every ¢ > 0. 


Example 9.1.9. The number | is ¢-adherent to the open interval (0, 1) 
for every ¢ > 0 (why?), and is thus an adherent point of (0,1). The 
point 0.5 is similarly an adherent point of (0,1). However, the number 
2 is not 0.5-adherent (for instance) to (0,1), and is thus not an adherent 
point to (0,1). 


Definition 9.1.10 (Closure). Let X be a subset of R. The closure of 
X, sometimes denoted X is defined to be the set of all the adherent 
points of X. 
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Lemma 9.1.11 (Elementary properties of closures). Let X and Y be 
arbitrary subsets of R. Then X CX, XUY =XUY, and XNY C 
XY. If X CY, then X CY. 


Proof. See Exercise 9.1.2. 


We now compute some closures. 


Lemma 9.1.12 (Closures of intervals). Let a < b be real numbers, and 
let I be any one of the four intervals (a,b), (a, 6], [a,b), or [a,b]. Then 
the closure of I is [a,b]. Similarly, the closure of (a,oo) or [a,oo) is 
[a,0o), while the closure of (—oo,a) or (—oo, a] is (—co, a]. Finally, the 
closure of (—00, co) is (—00, 00). 


Proof. We will just show one of these facts, namely that the closure 
of (a,b) is [a,b]; the other results are proven similarly (or one can use 
Exercise 9.1.1). 

First let us show that every element of [a, b] is adherent to (a,b). Let 
x € [a,b]. If x € (a,b) then it is definitely adherent to (a,b). If « = b 
then x is also adherent to (a,b) (why?). Similarly when x = a. Thus 
every point in [a,b] is adherent to (a,b). 

Now we show that every point x that is adherent to (a, b) lies in [a, 6]. 
Suppose for sake of contradiction that x does not lie in [a, b], then either 
x>bora<a. Ifx>b then z is not (x — b)-adherent to (a,b) (why?), 
and is hence not an adherent point to (a,b). Similarly, if « < a, then x 
is not (a—x)-adherent to (a — 6), and is hence not an adherent point to 
(a,b). This contradiction shows that x is in fact in [a,b] as claimed. 


b 
b 


Lemma 9.1.13. The closure of N is N. The closure of Z is Z. The 
closure of Q is R, and the closure of R is R. The closure of the empty 
set 0 is 0. 


Proof. See Exercise 9.1.3. 


The following lemma shows that adherent points of a set X can be 
obtained as the limit of elements in X: 


Lemma 9.1.14. Let X be a subset of R, and let x € R. Then x is 
an adherent point of X if and only if there exists a sequence (Gn)? 9, 
consisting entirely of elements in X, which converges to x. 


Proof. See Exercise 9.1.5. 
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Definition 9.1.15. A subset E C R is said to be closed if E = E, or 
in other words that F contains all of its adherent points. 


Examples 9.1.16. From Lemma 9.1.12 we see that if a < 6 are real 
numbers, then [a,b], [a, +oo), (—oo, a], and (—oo, +00) are closed, while 
(a,b), (a, 6], [a,b), (a, +00), and (—oo,a) are not. From Lemma 9.1.13 
we see that N, Z, R, @ are closed, while Q is not. 


From Lemma 9.1.14 we can define closure in terms of sequences: 


Corollary 9.1.17. Let X be a subset of R. If X is closed, and (an)?-9 
is a convergent sequence consisting of elements in X, then limps Gn 
also lies in X. Conversely, if it is true that every convergent sequence 
(Gn)°29 of elements in X has its limit in X as well, then X is necessarily 
closed. 


When we study differentiation in the next chapter, we shall need to 
replace the concept of an adherent point by the closely related notion of 
a limit point. 


Definition 9.1.18 (Limit points). Let X be a subset of the real line. 
We say that x is a limit point (or a cluster point) of X iff it is an adherent 
point of X\{x}. We say that x is an isolated point of X if « © X and 
there exists some ¢ > 0 such that |x — y| > ¢ for all y € X\{z}. 


Example 9.1.19. Let X be the set X = (1,2) U{3}. Then 3 is an 
adherent point of X, but it is not a limit point of X, since 3 is not 
adherent to X — {3} = (1,2); instead, 3 is an isolated point of X. On 
the other hand, 2 is still a limit point of X, since 2 is adherent to 
X — {2} = X; but it is not isolated (why?). 


Remark 9.1.20. From Lemma 9.1.14 we see that x is a limit point of X 
iff there exists a sequence (a,)°2.,, consisting entirely of elements in X 
that are distinct from a, and such that (a,)?°.9 converges to x. It turns 
out that the set of adherent points splits into the set of limit points and 


the set of isolated points (Exercise 9.1.9). 


Lemma 9.1.21. Let I be an interval (possibly infinite), i.e., I is a 
set of the form (a,b), (a, b], [a,), [a,b], (a, +00), [a, +00), (—co, a), or 
(—oo, a], with a < b in the first four cases. Then every element of I is 
a limit point of I. 


Proof. We show this for the case I = [a,b]; the other cases are similar 
and are left to the reader. Let x € I; we have to show that x is a limit 
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point of J. There are three cases: x =a,a<a2<b,andx=b. Ifx=a, 
then consider the sequence (x + 400 n- This sequence converges to 2, 
and will lie inside I — {a} = (a,b] if N is chosen large enough (why?). 
Thus by Remark 9.1.20 we see that x = a is a limit point of [a,b]. A 
similar argument works when a < x < b. When x = 6 one has to use 
the sequence (a — 4)°°_y instead (why?) but the argument is otherwise 
the same. 


Next, we define the concept of a bounded set. 


Definition 9.1.22 (Bounded sets). A subset X of the real line is said 
to be bounded if we have X C [—M, M] for some real number M > 0. 


Example 9.1.23. For any real numbers a,b, the interval [a,}] is 
bounded, because it is contained inside [-M,M], where M := 
max(|a|,|b|). However, the half-infinite interval [0,+00) is unbounded 
(why?). In fact, no half-infinite interval or doubly infinite interval can 
be bounded. The sets N, Z, Q, and R are all unbounded (why?). 


A basic property of closed and bounded sets is the following. 


Theorem 9.1.24 (Heine-Borel theorem for the line). Let X be a subset 
of R. Then the following two statements are equivalent: 


(a) X is closed and bounded. 


(b) Given any sequence (an)? of real numbers which takes values in 
X (t.€., dn € X for all n), there exists a subsequence (an; )2o of 
the original sequence, which converges to some number L in X. 


Proof. See Exercise 9.1.13. 


Remark 9.1.25. This theorem shall play a key role in subsequent sec- 
tions of this chapter. In the language of metric space topology, it asserts 
that every subset of the real line which is closed and bounded, is also 
compact; see Section 11.7. A more general version of this theorem, 
due to Eduard Heine (1821-1881) and Emile Borel (1871-1956), can be 
found in Theorem 11.7.7. 


— Exercises — 


Exercise 9.1.1. Let X be any subset of the real line, and let Y be a set such 
that X C Y CX. Show that Y = X. 


Exercise 9.1.2. Prove Lemma 9.1.11. 
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Exercise 9.1.3. Prove Lemma 9.1.13. (Hint: for computing the closure of Q, 
you will need Proposition 5.4.14.) 


Exercise 9.1.4. Give an example of two subsets X,Y of the real line such that 
AY AX iY. 

Exercise 9.1.5. Prove Lemma 9.1.14. (Hint: in order to prove one of the two 
implications here you will need axiom of choice, as in Lemma 8.4.5.) 


Exercise 9.1.6. Let X be a subset of R. Show that X is closed (ie., X = X). 
Furthermore, show that if Y is any closed set that contains X, then Y also 
contains X. Thus the closure X of X is the smallest closed set which contains 
XxX. 


Exercise 9.1.7. Let n > 1 be a positive integer, and let X1,...,X, be closed 
subsets of R. Show that X, UX 9U...U Xz, is also closed. 

Exercise 9.1.8. Let I be a set (possibly infinite), and for each a € I let Xq be 
a closed subset of R. Show that the intersection (\,-; Xa (defined in (3.3)) is 
also closed. 

Exercise 9.1.9. Let X be a subset of the real line, and x be a real number. 
Show that every adherent point of X is either a limit point or an isolated point 
of X, but cannot be both. Conversely, show that every limit point and every 
isolated point of X is an adherent point of X. 

Exercise 9.1.10. If X is a non-empty subset of R, show that X is bounded if 
and only if inf(X) and sup(X) are finite. 

Ezercise 9.1.11. Show that if X is a bounded subset of R, then the closure X 
is also bounded. 

Exercise 9.1.12. Show that the union of any finite collection of bounded subsets 
of R is still a bounded set. Is this conclusion still true if one takes an infinite 
collection of bounded subsets of R? 

Exercise 9.1.13. Prove Theorem 9.1.24. (Hint: to show (a) implies (b), use the 
Bolzano-Weierstrass theorem (Theorem 6.6.8) and Corollary 9.1.17. To show 
(b) implies (a), argue by contradiction, using Corollary 9.1.17 to establish that 
X is closed. You will need the axiom of choice to show that X is bounded, as 
in Lemma 8.4.5.) 

Exercise 9.1.14. Show that any finite subset of R is closed and bounded. 
Exercise 9.1.15. Let E be a bounded subset of R, and let S := sup(F) be the 
least upper bound of E. (Note from the least upper bound principle, Theorem 
5.5.9, that S is a real number.) Show that S is an adherent point of E, and is 
also an adherent point of R\£E. 


9.2 The algebra of real-valued functions 


You are familiar with many functions f : R — R from the real line to the 
real line. Some examples are: f(x) := 27+ 3a +5; f(x) := 27/(x? +1); 


218 9. Continuous functions on R 


f(x) := sin(x) exp(x) (we will define sin and exp formally in Chapter 
11.20). These are functions from R to R since to every real number x 
they assign a single real number f(x). We can also consider more exotic 
functions, e.g. 


fle) =| 1 ifteQ 


0 ifeZQ. 


This function is not algebraic (i.e., it cannot be expressed in terms of 
x purely by using the standard algebraic operations of +, —, x, /, ha 
etc.; we will not need this notion in this text), but it is still a function 
from R to R, because it still assigns a real number f(x) to each x € R. 

We can take any one of the previous functions f : R > R defined on 
all of R, and restrict the domain to a smaller set _X C R, creating a new 
function, sometimes called f|x, from X to R. This is the same function 
as the original function f, but is only defined on a smaller domain. (Thus 
f\lx(x) := f(x) when x € X, and f|x(x) is undefined when x ¢ X.) 
For instance, we can restrict the function f(a) := x?, which is initially 
defined from R to R, to the interval [1, 2], thus creating a new function 
f\1,2) : [1,2] > R, which is defined as f|f1.)(v) = 2? when x € [1,2] but 
is undefined elsewhere. 

One could also restrict the range from R to some smaller subset Y 
of R, provided of course that all the values of f(x) lie inside Y. For 
instance, the function f : R > R defined by f(x) := x? could also be 
thought of as a function from R to [0,0o), instead of a function from 
R to R. Formally, these two functions are different functions, but the 
distinction between them is so minor that we shall often be careless 
about the range of a function in our discussion. 

Strictly speaking, there is a distinction between a function f, and 
its value f(x) at a point x. f is a function; but f(x) is a number (which 
depends on some free variable x). This distinction is rather subtle and 
we will not stress it too much, but there are times when one has to 
distinguish between the two. For instance, if f : R — R is the function 
f(x) = x7, and g := f\f1,2) is the restriction of f to the interval [1, 2], 
then f and g both perform the operation of squaring, i.e., f(x) = 2? 
and g(x) = x”, but the two functions f and g are not considered the 
same function, f 4 g, because they have different domains. Despite this 
distinction, we shall often be careless, and say things like “consider the 
function x? + 2x + 3” when really we should be saying “consider the 
function f : R — R defined by f(x) := 2? + 22 + 3”. (This distinction 
makes more of a difference when we start doing things like differentiation. 


9.2. The algebra of real-valued functions 219 


For instance, if f : R > R is the function f(x) = 2”, then of course 
f(3) = 9, but the derivative of f at 3 is 6, whereas the derivative of 9 is 
of course 0, so we cannot simply “differentiate both sides” of f(3) = 9 
and conclude that 6 = 0.) 

If X is a subset of R, and f : X — R is a function, we can form 
the graph {(x,f(x)) : « € X} of the function f; this is a subset of 
X x R, and hence a subset of the Euclidean plane R? = R x R. One 
can certainly study a function through its graph, by using the geometry 
of the plane R? (e.g., employing such concepts as tangent lines, area, 
and so forth). We however will pursue a more “analytic” approach, in 
which we rely instead on the properties of the real numbers to analyze 
these functions. The two approaches are complementary; the geometric 
approach offers more visual intuition, while the analytic approach offers 
rigour and precision. Both the geometric intuition and the analytic 
formalism become useful when extending analysis of functions of one 
variable to functions of many variables (or possibly even infinitely many 
variables). 

Just as numbers can be manipulated arithmetically, so can functions: 
the sum of two functions is a function, the product of two functions is a 
function, and so forth. 


Definition 9.2.1 (Arithmetic operations on functions). Given two func- 
tions f: X > Randg: X — R, we can define their sum f+g:X > R 
by the formula 


(f + 9)(2) = f(x) + 9(2), 
their difference f — g : X + R by the formula 
(f — 9)() = f(x) — 9(2), 
their maximum max(f,g) : X > R by 
max(f,g)(x) := max(f(x), 9(x)), 
their minimum min(f,g) : X + R. by 
min(f,g)(x) == min(f(2), 9(2)), 


their product fg: X > R (or f-g: X > R) by the formula 


(f9)(x) = flw)g(a), 
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and (provided that g(x) 4 0 for all x € X) the quotient f/g: X > R 
by the formula 


(f/9)(x) = f(x)/g9(2). 
Finally, if c is a real number, we can define the function cf : X > R (or 
c: f :X +R) by the formula 


(cf) (a) = ex f(a). 


Example 9.2.2. If f : R — R is the function f(x) := x”, and g : 
R > R is the function g(x) := 27, then f +g: R > R is the function 
(f + 9)(x) := x? + 22, while fg : R > R is the function fg(x) = 22°. 
Similarly f —g : R > R is the function (f — g)(x) := x? — 22, while 
6f : R > R is the function (6f)(x) = 6x7. Observe that fg is not 
the same function as f og, which maps x +> 4x”, nor is it the same as 
go f, which maps x +4 2x? (why?). Thus multiplication of functions and 
composition of functions are two different operations. 


— Exercises — 


Exercise 9.2.1. Let f: RO R,g:R-R,h:R-R. Which of the following 
identities are true, and which ones are false? In the former case, give a proof; 
in the latter case, give a counterexample. 


(ft+g)oh=(foh)+(goh) 
fo(g+h) =(fog)+(foh) 
(ft+g)-h=(f-h)+(g-h) 
f-(gt+h)=(f-9) + (f°) 


9.3 Limiting values of functions 


In Chapter 6 we defined what it means for a sequence (a,,)?2_, to converge 
to a limit L. We now define a similar notion for what it means for a 
function f defined on the real line, or on some subset of the real line, 
to converge to some value at a point. Just as we used the notions of 
e-closeness and eventual e-closeness to deal with limits of sequences, we 
shall need a notion of ¢-closeness and local ¢-closeness to deal with limits 
of functions. 


Definition 9.3.1 (¢-closeness). Let X be a subset of R, let f: X ~ R 
be a function, let L be a real number, and let ¢ > 0 be a real number. 
We say that the function f is e-close to L iff f(x) is e-close to L for 
every © € X. 
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Example 9.3.2. When the function f(x) := 2? is restricted to the 
interval [1,3], then it is 5-close to 4, since when x € [1,3] then 1 < 
f(x) < 9, and hence | f(x) — 4| < 5. When instead it is restricted to the 
smaller interval [1.9, 2.1], then it is 0.41-close to 4, since if x € [1.9, 2.1], 
then 3.61 < f(a) < 4.41, and hence | f(x) — 4| < 0.41. 


Definition 9.3.3 (Local e-closeness). Let X be a subset of R, let f : 
X +R be a function, let L be a real number, xg be an adherent point 
of X, and ¢ > 0 be areal number. We say that f is e-close to L near xo 
iff there exists a 6 > 0 such that f becomes e-close to L when restricted 
to the set {a € X : |x — xo| < 6}. 


Example 9.3.4. Let f : [1,3] > R be the function f(x) := 2x7, re- 
stricted to the interval [1,3]. This function is not 0.1-close to 4, since 
for instance f(1) is not 0.1-close to 4. However, f is 0.1-close to 4 near 2, 
since when restricted to the set {x € [1,3] : |z —2| < 0.01}, the function 
f is indeed 0.1-close to 4. This is because when |x — 2| < 0.01, we have 
1.99 <  < 2.01, and hence 3.9601 < f(x) < 4.0401, and in particular 
f(a) is 0.1-close to 4. 


Example 9.3.5. Continuing with the same function f used in the pre- 
vious example, we observe that f is not 0.1-close to 9, since for instance 
f (1) is not 0.1-close to 9. However, f is 0.1-close to 9 near 3, since when 
restricted to the set {a € [1,3] : |a — 3] < 0.01} - which is the same as 
the half-open interval (2.99, 3] (why?), the function f becomes 0.1-close 
to 9 (since if 2.99 < x < 3, then 8.9401 < f(x) < 9, and hence f(z) is 
0.1-close to 9). 


Definition 9.3.6 (Convergence of functions at a point). Let X be a 
subset of R, let f : X — R be a function, let E be a subset of X, xo 
be an adherent point of £, and let L be a real number. We say that f 
converges to L at xo in E, and write limg-425.cer f(x) = L, iff f, after 
restricting to E, is e-close to E near xo for every ¢ > 0. If f does not 
converge to any number L at x9, we say that f diverges at xo, and leave 
limy-+29.2en f(x) undefined. 


In other words, we have limy+19.cex f(z) = L iff for every « > 0, 
there exists a 6 > 0 such that |f(a) — L| < ¢ for all x € E such that 
|x —29| < 6. (Why is this definition equivalent to the one given above?) 


Remark 9.3.7. In many cases we will omit the set & from the above 
notation (i.e., we will just say that f converges to L at xo, or that 
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lim;-+2, f(w) = L), although this is slightly dangerous. For instance, it 
sometimes makes a difference whether F actually contains xg or not. 
To give an example, if f : R — R is the function defined by set- 
ting f(z) = 1 when x = O and f(x) = 0 when x ¥ 0, then one 
has lim,_,o.rer\{0} f(x) = 0, but limz+0,rer f(x) is undefined. Some 
authors only define the limit lim, _,79.,¢" f(x) when E does not con- 
tain xo (so that 29 is now a limit point of F rather than an adherent 
point), or would use limz-525.rcn f(x) to denote what we would call 
limzexy:reB\{xo} f(£), but we have chosen a slightly more general nota- 
tion, which allows the possibility that E contains x9. 


Example 9.3.8. Let f : [1,3] ~ R be the function f(x) := x”. We 
have seen before that f is 0.1-close to 4 near 2. A similar argument 
shows that f is 0.01-close to 4 near 2 (one just has to pick a smaller 
value of 6). 


Definition 9.3.6 is rather unwieldy. However, we can rewrite this 
definition in terms of a more familiar one, involving limits of sequences. 


Proposition 9.3.9. Let X be a subset of R, let f : X 7 R bea 
function, let E be a subset of X, let xo be an adherent point of E, and 
let L be a real number. Then the following two statements are logically 
equivalent: 


(a) f converges to L at xo in E. 


(b) For every sequence (an)?29 which consists entirely of elements of 
E and converges to xo, the sequence (f(an))?2.9 converges to L. 


Proof. See Exercise 9.3.1. 


In view of the above proposition, we will sometimes write “f(x) > L 
as x + x in E” or “f has a limit LE at xp in E” instead of “f converges 
fords Bt os Or “linia f(a) =: 


Remark 9.3.10. With the notation of Proposition 9.3.9, we have the 
following corollary: if limz-,25.cer f(x) = L, and limp... Gn = Zo, then 
lint 433 f(y) =. 


Remark 9.3.11. We only consider limits of a function f at xo in the 
case when zo is an adherent point of E. When zo is not an adherent 
point then it is not worth it to define the concept of a limit. (Can you 
see why there will be problems?) 
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Remark 9.3.12. The variable x used to denote a limit is a dummy 
variable; we could replace it by any other variable and obtain ex- 
actly the same limit. For instance, if limyz..):ren f(z) = L, then 
limy+zo:yek f(y) = L, and conversely (why?). 


Proposition 9.3.9 has some immediate corollaries. For instance, we 
now know that a function can have at most one limit at each point: 


Corollary 9.3.13. Let X be a subset of R, let E be a subset of X, let 
xo be an adherent point of E, and let f : X > R be a function. Then f 
can have at most one limit at xo in E. 


Proof. Suppose for sake of contradiction that there are two distinct num- 
bers L and L’ such that f has a limit L at xo in E, and such that f also 
has a limit L/ at x9 in E. Since x9 is an adherent point of E, we know by 
Lemma 9.1.14 that there is a sequence (an )°°. consisting of elements in 
E which converges to x9. Since f has a limit L at xp in EF, we thus see 
by Proposition 9.3.9, that (f(an))°2, converges to L. But since f also 
has a limit L’ at xo in E, we see that (f(an))°2p also converges to L’. 
But this contradicts the uniqueness of limits of sequences (Proposition 
6.1.7). 


Using the limit laws for sequences, one can now deduce the limit laws 
for functions: 


Proposition 9.3.14 (Limit laws for functions). Let X be a subset of 
R, let E be a subset of X, let xg be an adherent point of E, and let 
f:X > Randg: X >R be functions. Suppose that f has a limit L 
at xg in E, and g has a limit M at xp in E. Then f +g has a limit 
L+M at xo in E, f —g has a limit L— M at xo in E, max(f,g) has 
a limit max(L,M) at xp in E, min(f,g) has a limit min(L,M) at xo in 
E and fg has a limit LM at xo in E. If c is a real number, then cf has 
a limit cL at xo in E. Finally, if g is non-zero on E (i.e., g(x) #0 for 
allx € EF) and M is non-zero, then f/g has a limit L/M at xo in E. 


Proof. We just prove the first claim (that f +g has a limit LD + M); 
the others are very similar and are left to Exercise 9.3.2. Since zo is an 
adherent point of £, we know by Lemma 9.1.14 that there is a sequence 
(Gn)°9 consisting of elements in EL, which converges to xo. Since f has 
a limit L at vp in E, we thus see by Proposition 9.3.9, that (f(an))?2o 
converges to L. Similarly (g(ap))?2 converges to M. By the limit 
laws for sequences (Theorem 6.1.19) we conclude that ((f + 9)(Gn))°2o 
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converges to D+ M. By Proposition 9.3.9 again, this implies that f +g 
has a limit D+ M at zo in E as desired (since (@,)?°.9) was an arbitrary 
sequence in F converging to x9). 


Remark 9.3.15. One can phrase Proposition 9.3.14 more informally as 
saying that 


lim (f + g9)(x) = lim f(x)+ lim g(z) 


L—->XO LX LX 


jim min(f,)(2) = min ( tim. f(e), tim. g(e)) 


xL—->xrO xL>XO 


lim (f9)(x) = Jim f(z) lim g(2) 


xL->xrO 


lim (f/g)(e) = pom PS) 


Z>2L0 limg—+a 9 (2) 


(where we have dropped the restriction x € E for brevity) but bear 
in mind that these identities are only true when the right-hand side 
makes sense, and furthermore for the final identity we need g to be non- 
zero, and also limz-+7, g(x) to be non-zero. (See Example 1.2.4 for some 
examples of what goes wrong when limits are manipulated carelessly.) 


Using the limit laws in Proposition 9.3.14 we can already deduce 
several limits. First of all, it is easy to check the basic limits 


C=C 


1m 
r>x9;cER 


and 


lim «r=209 
rz x0;cER 


for any real numbers 29 and c. (Why? use Proposition 9.3.9.) By the 
limit laws we can thus conclude that 


lim cr =cz2%o 
rx9;tER 


lim a? +ca+d=22+cr9+d 


rx9;tER 


etc., where c,d are arbitrary real numbers. 
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If f converges to LD at xp in X, and Y is any subset of X such that 
xo is still an adherent point of Y, then f will also converge to L at xg 
in Y (why?). Thus convergence on a large set implies convergence on a 
smaller set. The converse, however, is not true: 


Example 9.3.16. Consider the signum function sgn : R > R, defined 


by 
1 ifx > 0 
sgn(x):= ¢ 0 if =) 
-1 ifa#<0 
Then limz_,0;2€(0,00) S8n(x) = 1 (why?), whereas lim, _,9,2¢(—00,0) = —1 


(why?) and lim;-,0-2eR sgn(x) is undefined (why?). Thus it is some- 
times dangerous to drop the set X from the notation of limit. How- 
ever, in many cases it is safe to do so; for instance, since we know that 
limy +29:reR gp? = a2, we know in fact that limper9:2ex ge = a for any 
set X with zo as an adherent point (why?). Thus it is safe to write 


. yee, 
ims jag = 2G: 


Example 9.3.17. Let f(x) be the function 


1 ifx=0 
fle=4 4 if £0. 


Then lim,_,9,rer—{0} f(2) = 0 (why?), but lim, _.0,2er f(x) is undefined 
(why). (When this happens, we say that f has a “removable singularity” 
or “removable discontinuity” at 0. Because of such singularities, it is 
sometimes the convention when writing lim,;-,,, f(x) to automatically 
exclude xo from the set; for instance, in the textbook, lim;-,,, f(x) is 
used as shorthand for limz_,75:2¢x—{2o} f (£)-) 


On the other hand, the limit at 29 should only depend on the values 
of the function near xo; the values away from x9 are not relevant. The 
following proposition reflects this intuition: 


Proposition 9.3.18 (Limits are local). Let X be a subset of R, let E 
be a subset of X, let xp be an adherent point of E, let f: X > R bea 
function, and let L be a real number. Let 6 > 0. Then we have 


li =f 
if and only if 
lim i(e) =i 


L290 ;xE EN(x9—4,20+6) 
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Proof. See Exercise 9.3.3. 


Informally, the above proposition asserts that 


lim: .-f(¢) = lim 
rx0;2Ek xr x9;x€ EN(x9—6,20+0) 
Thus the limit of a function at xo, if it exists, only depends on the values 
of f near xg; the values far away do not actually influence the limit. 
We now give a few more examples of limits. 


Example 9.3.19. Consider the functions f: R > Randg:R>R 
defined by f(x) := «+2 and g(x) := a#+1. Then lim;_,o..cr f(x) = 4 
and limz-42.7.cr g(x) = 3. We would like to use the limit laws to 


conclude that limz,9..er f(x)/g(x) = 4/3, or in other words that 
lim; 52.7eR ate = :. Strictly speaking, we cannot use Proposition 9.3.14 
to ensure this, because x + 1 is zero at « = —1, and so f(x)/g(x) is not 
defined. However, this is easily solved, by restricting the domain of f 


and g from R to a smaller domain, such as R — {1}. Then Proposition 
9.3.14 does apply, and we have lim; _,9.,¢R—41} ot? = 3. 


Example 9.3.20. Consider the function f : R — {1} — R defined 
by f(x) := (a7 —1)/(~ —1). This function is well-defined for every 
real number except 1, so f(1) is undefined. However, 1 is still an ad- 
herent point of R — {1} (why?), and the limit lim,_,),,er_{1; f(@) is 
still defined. This is because on the domain R — {1} we have the 
identity (v2 — 1)/(z27 —1) = («+ 1)\(@ — 1)/(@ - 1) = x +1, and 
lim, s1;2cR—{1} +1 = 2. 


Example 9.3.21. Let f: R— R be the function 


_jfi1 ifefeQ 
fla) =f 0 ifeZQ. 


We will show that f(x) has no limit at 0 in R. Suppose for sake of 
contradiction that f(x) had some limit L at 0 in R. Then we would 
have limn—+oo f(an) = L whenever (an), is a sequence of non-zero 
numbers converging to 0. Since (1/n)°° 9 is such a sequence, we would 
have 
he lin. fli) = mea, 
Noo N+ Oo 


On the other hand, since (W2/n)°,9 is another sequence of non-zero 
numbers converging to 0 - but now these numbers are irrational instead 
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of rational - we have 
L= lim f(V2/n) = lim 0=0. 
noo noo 


Since 1 £ 0, we have a contradiction. Thus this function does not have 
a limit at 0. 


— Exercises — 
Exercise 9.3.1. Prove Proposition 9.3.9. 
Exercise 9.3.2. Prove the remaining claims in Proposition 9.3.14. 
Exercise 9.3.3. Prove Lemma 9.3.18. 
Exercise 9.3.4. Propose a definition for limit superior lim sup,_,..,.ce@ f(«) and 


limit inferior lim inf, _,2,:2e2 f(x), and then propose an analogue of Proposition 
9.3.9 for your definition. (For an additional challenge: prove that analogue.) 


Exercise 9.3.5. (Continuous version of squeeze test) Let X be a subset of R, 
let E be a subset of X, let xp be an adherent point of E, and let f: X > R, 
g:X > R,h: X > R be functions such that f(x) < g(x) < h(x) for all 
x € E. If we have lim,_,,)-cen f(@) = limys2y.zen h(x) = L for some real 
number L, show that limz-,2,;cen 9(@) = L. 


9.4 Continuous functions 


We now introduce one of the most fundamental notions in the theory of 
functions - that of continuity. 


Definition 9.4.1 (Continuity). Let X be a subset of R, and let f : 
X +R be a function. Let xp be an element of X. We say that f is 
continuous at xo iff we have 
li = ; 

ane f(a) f (20); 
in other words, the limit of f(a) as x converges to xo in X exists and is 
equal to f(xzo). We say that f is continuous on X (or simply continuous) 
iff f is continuous at xo for every x9 € X. We say that f is discontinuous 
at xo iff it is not continuous at xo. 


Example 9.4.2. Let c be a real number, and let f : R — R be the 
constant function f(a) := c. Then for every real number zo € R, we 
have 


ism HER F(x) seen ane f (xo), 


thus f is continuous at every point zg € R, or in other words f is 
continuous on R. 
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Example 9.4.3. Let f : R — R be the identity function f(x) := za. 
Then for every real number x9 € R, we have 


on) ence to = f (20); 


thus f is continuous at every point zg € R, or in other words f is 
continuous on R. 


Example 9.4.4. Let sen: R — R be the signum function defined in 
Example 9.3.16. Then sgn(x) is continuous at every non-zero value of 
x; for instance, at 1, we have (using Proposition 9.3.18) 


Pe 7 ee eas sen(z) 
a lim 1 
a—1;2€(0.9,1.1) 
=1 
= sgn(1). 


On the other hand, sgn is not continuous at 0, since the limit 
limz-50;rer Sgn(x) does not exist. 


Example 9.4.5. Let f : R— R be the function 


fil ifzeQ 
fla) = 4 if ¢Q. 


Then by the discussion in the previous section, f is not continuous at 
0. In fact, it turns out that f is not continuous at any real number xg 
(can you see why?). 


Example 9.4.6. Let f : R— R be the function 


l ife>0 
(es 4 4 if a <0. 


Then f is continuous at every non-zero real number (why?), but is not 
continuous at 0. However, if we restrict f to the right-hand line [0, 00), 
then the resulting function f]j9,.9) now becomes continuous everywhere 
in its domain, including 0. Thus restricting the domain of a function 
can make a discontinuous function continuous again. 
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There are several ways to phrase the statement that “f is continuous 
at x0”: 


Proposition 9.4.7 (Equivalent formulations of continuity). Let X be a 
subset of R, let f : X > R be a function, and let xq be an element of 
X. Then the following four statements are logically equivalent: 


(a) f is continuous at xo. 


(b) For every sequence (an)°29 consisting of elements of X with 
litig2s66-Gy — to» We have limi 5 7 (Og) = F (a0): 


(c) For every « > 0, there exists a 6 > 0 such that | f(x) — f(xo)| <€ 
for allx € X with |x — xo| < 6. 


(d) For every « > 0, there exists a 6 > 0 such that | f(x) — f(ao)| < € 
for alla € X with |x — xo0| < 6. 


Proof. See Exercise 9.4.1. 


Remark 9.4.8. A particularly useful consequence of Proposition 9.4.7 
is the following: if f is continuous at zo, and ay, > xp as n — oo, then 
f(an) > f(xo) as n + o0 (provided that all the elements of the sequence 
(Gn)P29 lie in the domain of f, of course). Thus continuous functions 
are very useful in computing limits. 


The limit laws in Proposition 9.3.14, combined with the definition of 
continuity in Definition 9.4.1, immediately imply 


Proposition 9.4.9 (Arithmetic preserves continuity). Let X be a subset 
of R, and let f: X > Randg: X > R be functions. Let ro € X. 
Then if f and g are both continuous at x0, then the functions f + g, 
f —g, max(f,g), min(f,g) and fg are also continuous at xo. If g is 
non-zero on X, then f/g is also continuous at xo. 


In particular, the sum, difference, maximum, minimum, and product 
of continuous functions are continuous; and the quotient of two continu- 
ous functions is continuous as long as the denominator does not become 
Zero. 

One can use Proposition 9.4.9 to show that a lot of functions are 
continuous. For instance, just by starting from the fact that con- 
stant functions are continuous, and the identity function f(x) = x is 
continuous (Exercise 9.4.2), one can show that the function g(x) := 
max(x? + 4x? + « + 5,24 — x)/(x? — 4), for instance, is continuous at 
every point of R except the two points « = +2, x = —2 where the 
denominator vanishes. 
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Some other examples of continuous functions are given below. 


Proposition 9.4.10 (Exponentiation is continuous, I). Let a > 0 be a 
positive real number. Then the function f :R — R defined by f(x) := a” 
18 CcontiNUOUS. 


Proof. See Exercise 9.4.3. 


Proposition 9.4.11 (Exponentiation is continuous, II). Let p be a real 
number. Then the function f : (0,co) + R defined by f(x) := a? is 
continuous. 


Proof. See Exercise 9.4.4. 


There is a stronger statement than Propositions 9.4.10, 9.4.11, 
namely that exponentiation is jointly continuous in both the exponent 
and the base, but this is harder to show; see Exercise 11.25.10. 


Proposition 9.4.12 (Absolute value is continuous). The function f : 
R > R defined by f(x) := |x| is continuous. 


Proof. This follows since |%| = max(x,—2) and the functions x, —x are 
already continuous. 


The class of continuous functions is not only closed under addition, 
subtraction, multiplication, and division, but is also closed under com- 
position: 


Proposition 9.4.13 (Composition preserves continuity). Let X and Y 
be subsets of R, and let f: X > Y andg:Y —R be functions. Let xo 
be a point in X. If f is continuous at xo, and g is continuous at f(x), 
then the composition go f : X > R is continuous at xo. 


Proof. See Exercise 9.4.5. 


Example 9.4.14. Since the function f(a) := 32+ 1 is continuous on all 
of R, and the function g(x) := 5” is continuous on all of R, the function 
go f(x) = 5°**! is continuous on all of R. By several applications of the 
above propositions, one can show that far more complicated functions, 
e.g., h(x) := |x? — 82 + 7|¥2/(x? +1), are also continuous. (Why is this 
function continuous?) There are still a few functions though that are 
not yet easy to test for continuity, such as k(x) := 2°; this function can 
be dealt with more easily once we have the machinery of logarithms, 
which we will see in Section 11.25. 
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— Exercises — 
Exercise 9.4.1. Prove Proposition 9.4.7. (Hint: this can largely be done by 
applying the previous propositions and lemmas. Note that to prove (a),(b), 
and (c) are equivalent, you do not have to prove all six equivalences, but you 
do have to prove at least three; for instance, showing that (a) implies (b), (b) 
implies (c), and (c) implies (a) will suffice, although this is not necessarily the 
shortest or simplest way to do this question.) 
Exercise 9.4.2. Let X be a subset of R, and let c € R. Show that the constant 
function f : X — R defined by f(x) := c is continuous, and show that the 
identity function g : X + R defined by g(x) := z is also continuous. 
Exercise 9.4.3. Prove Proposition 9.4.10. (Hint: you can use Lemma 6.5.3, 
combined with the squeeze test (Corollary 6.4.14) and Proposition 6.7.3.) 
Exercise 9.4.4. Prove Proposition 9.4.11. (Hint: from limit laws (Proposition 
9.3.14) one can show that lim,_,; ” = 1 for all integers n. From this and the 
squeeze test (Corollary 6.4.14) deduce that lim,_,; «? = 1 for all real numbers 
p. Finally, apply Proposition 6.7.3.) 
Exercise 9.4.5. Prove Proposition 9.4.13. 
Exercise 9.4.6. Let X be a subset of R, and let f : X — R be a continuous 
function. If Y is a subset of X, show that the restriction f|y : Y > R of f to 
Y is also a continuous function. (Hint: this is a simple result, but it requires 
you to follow the definitions carefully.) 
Exercise 9.4.7. Let n > 0 be an integer, and for each 0 <i < n let c; be a real 
number. Let P: R > R be the function 


such a function is known as a polynomial of one variable; a typical example is 
P(x) = 6x* — 3a? + 4. Show that P is continuous. 


9.5 Left and right limits 


We now introduce the notion of left and right limits, which can 
be thought of as two seperate “halves” of the complete limit 


limy29:;2eX f(x) * 


Definition 9.5.1 (Left and right limits). Let X be a subset of R, f : 
X — R be a function, and let 29 be a real number. If xp is an adherent 
point of X M (#o,0o), then we define the right limit f(xo+) of f at x 
by the formula 

fot) i= im. f(a), 


@L—>x9;EXMN(x9,00) 
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provided of course that this limit exists. Similarly, if zp is an adherent 
point of X M (—co, zo), then we define the left limit f(ao—) of f at xo 
by the formula 


f(0-) = lim f (2), 


Lr x0;LEXN(—0v, 20) 


again provided that the limit exists. (Thus in many cases f(xo+) and 
f(xo—) will not be defined.) 


Sometimes we use the shorthand notations 


li = li j 
Pan coe f(a) eter teen anes f(2) 
li = li 
ore f(a) en Tae f(@) 


when the domain X of f is clear from context. 


Example 9.5.2. Consider the signum function sgn : R — R defined in 
Example 9.3.16. We have 


sen(0+) = lim sen(xz) = lim aE 
6 ( ) r2—>x9;tERN(0,00) 6 ( ) r—>x0;tERN(0,00) 
and 
0-) = li x)= lim —-1=-1, 
sen( ) pena) sen( ) L—->2x9;eERN(—co,0) 


while sgn(0) = 0 by definition. 


Note that f does not necessarily have to be defined at xo in order 
for f(xo+) or f(ap—) to be defined. For instance, if f: R—{0}—> R 
is the function f(x) := x/|z|, then f(0+) =1 and f(0—) = —1 (why?), 
even though f(0) is undefined. 

From Proposition 9.4.7 we see that if the right limit f(azo+) exists, 
and (an)P2.9 is a sequence in X converging to xo from the right (i.e., 
Qn > Xo for all n € N), then limp. f(an) = f(xo+). Similarly, if 
(bn )°2.9 is a sequence converging to xo from the left (i-e., a, < xo for all 
n €N) then limy +o f(an) = f(xo—). 

Let xo be an adherent point of both XM (xo, co) and X M (—co, Zo). 
If f is continuous at x9, it is clear from Proposition 9.4.7 that f(ao+) 
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and f(zo—) both exist and are equal to f(a). (Can you see why?) A 
converse is also true (compare this with Proposition 6.4.12(f)): 


Proposition 9.5.3. Let X be a subset of R containing a real number 
xo, and suppose that xo is an adherent point of both X M (x0,00) and 
X M(—0o0, 20). Let f : X > R be a function. If f(xo+) and f(xo—) 
both exist and are both equal to f(x), then f is continuous at x. 


Proof. Let us write L := f(ao). Then by hypothesis we have 


lim feat (9.1) 


Lx ;LE XM (Lo ,co) 

and 
li =f. 9.2 
Pape ES F(a) ( ) 
Let ¢ > 0 be given. From (9.1) and Proposition 9.4.7 (applied to the 
restriction of f to X M (ao, -+co)), we know that there exists a 6, > 0 
such that | f(x) — L| < « for all x € X (29, co) for which |x — xo| < 54. 
From (9.2) we similarly know that there exists a J. > 0 such that 
| f(z) — L| < for all x € X MN (—o0, 29) for which |x — xo| < 6_. Now 
let 6 := min(d_,61); then 6 > 0 (why?), and suppose that x € X is 
such that |z — xo| < 6. Then there are three cases: x > x9, © = Xo, and 
x < xo, but in all three cases we know that | f(a) — L| < «. (Why? the 
reason is different in each of the three cases.) By Proposition 9.4.7 we 
thus have that f is continuous at xo, as desired. 


As we saw with the signum function in Example 9.3.16, it is possible 
for the left and right limits f(xo—), f(ao+) of a function f at a point x 
to both exist, but not be equal to each other; when this happens, we say 
that f has a jump discontinuity at xo. Thus, for instance, the signum 
function has a jump discontinuity at zero. Also, it is possible for the left 
and right limits f(xo—), f(ao+) to exist and be equal each other, but 
not be equal to f(z); when this happens we say that f has a removable 
discontinuity (or removable singularity) at xo. For instance, if we take 
f:R-R to be the function 


1 ifx=0 
fla) = { 0 if 40, 


then f(0+) and f(0—) both exist and equal 0 (why?), but f(0) equals 
1; thus f has a removable discontinuity at 0. 
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Remark 9.5.4. Jump discontinuities and removable discontinuities are 
not the only way a function can be discontinuous. Another way is for a 
function to go to infinity at the discontinuity: for instance, the function 
f : R—{0} > R defined by f(x) := 1/z has a discontinuity at 0 which is 
neither a jump discontinuity or a removable singularity; informally, f(z) 
converges to +oo when x approaches 0 from the right, and converges to 
—oo when x approaches 0 from the left. These types of singularities are 
sometimes known as asymptotic discontinuities. There are also oscilla- 
tory discontinuities, where the function remains bounded but still does 
not have a limit near xo. For instance, the function f : R — R defined 


by 
Ll, teed 
(O=s if2ZQ 


has an oscillatory discontinuity at 0 (and in fact at any other real number 
also). This is because the function does not have left or right limits at 
0, despite the fact that the function is bounded. 

The study of discontinuities (also called singularities) continues fur- 
ther, but is beyond the scope of this text. For instance, singularities 
play a key role in complex analysis. 


— Exercises — 


Exercise 9.5.1. Let E be a subset of R, let f : E — R be a function, and let zo 
be an adherent point of E. Write down a definition of what it would mean for 
the limit lim:-+25:2e f(a) to exist and equal +00 or —oo. If f: R\{0} > R 
is the function f(x) := 1/x, use your definition to conclude f(0+) = +00 and 
f(0—) = —oo. Also, state and prove some analogue of Proposition 9.3.9 when 
L=-+00 or L = —oo. 


9.6 The maximum principle 


In the previous two sections we saw that a large number of functions 
were continuous, though certainly not all functions were continuous. 
We now show that continuous functions enjoy a number of other useful 
properties, especially if their domain is a closed interval. It is here 
that we shall begin exploiting the full power of the Heine-Borel theorem 
(Theorem 9.1.24). 


Definition 9.6.1. Let X be a subset of R, and let f : X > R bea 
function. We say that f is bounded from above if there exists a real 
number M such that f(a) < M for all x € X. We say that f is bounded 
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from below if there exists a real number M such that f(x) > —M for all 
x eX. We say that f is bounded if there exists a real number M such 
that |f(x)| < M for all x € X. 


Remark 9.6.2. A function is bounded if and only if it is bounded both 
from above and below. (Why? Note that one part of the “if and only 
if” is slightly trickier than the other.) Also, a function f : X > R is 
bounded if and only if its image f(X) is a bounded set in the sense of 
Definition 9.1.22 (why?). 


Not all continuous functions are bounded. For instance, the func- 
tion f(x) := x on the domain R is continuous but unbounded (why’), 
although it is bounded on some smaller domains, such as [1,2]. The 
function f(x) := 1/zx is continuous but unbounded on (0,1) (why?), 
though it is continuous and bounded on [1,2] (why?). However, if the 
domain of the continuous function is a closed and bounded interval, then 
we do have boundedness: 


Lemma 9.6.3. Let a < b be real numbers, and let f : [a,b] > R be a 
function continuous on [a,b]. Then f is a bounded function. 


Proof. Suppose for sake of contradiction that f is not bounded. Thus 
for every real number M there exists an element x € [a,b] such that 
If (@)| > M. 

In particular, for every natural number n, the set {x € |a,}] : 
|f(x)| > n} is non-empty. We can thus choose? a sequence (an)°¢ 
in [a,b] such that |f(a2,)| > n for all n. This sequence lies in [a, }], 
and so by Theorem 9.1.24 there exists a subsequence (%p,)729 which 
converges to some limit L € [a,b], where no < ny < ng <... is an in- 
creasing sequence of natural numbers. In particular, we see that nj > j 
for all 7 € N (why? use induction). 

Since f is continuous on [a, b], it is continuous at L, and in particular 
we see that 


lim f(xn;) = f(L). 


joo 
Thus the sequence (f(@n;))j2o is convergent, and hence it is bounded. 
On the other hand, we know from the construction that |f(xn,;)| = 


Strictly speaking, this requires the axiom of choice, as in Lemma 8.4.5. However, 
one can also proceed without the axiom of choice, by defining x» := sup{zx € [a, }] : 
|f(x)| > n}, and using the continuity of f to show that |f(an)| > n. We leave the 
details to the reader. 
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nj = j for all j, and hence the sequence (f(%n,;))72o is not bounded, a 
contradiction. 


Remark 9.6.4. There are two things about this proof that are worth 
noting. Firstly, it shows how useful the Heine-Borel theorem (Theo- 
rem 9.1.24) is. Secondly, it is an indirect proof; it doesn’t say how to 
find the bound for f, but it shows that having f unbounded leads to a 
contradiction. 


We now improve Lemma 9.6.3 to say something more. 


Definition 9.6.5 (Maxima and minima). Let f : X — R be a function, 
and let 9 € X. We say that f attains its marimum at xo if we have 
f(xo) > f(x) for all x € X (ie., the value of f at the point zo is larger 
than or equal to the value of f at any other point in X). We say that f 
attains its minimum at xo if we have f(xo) < f(z). 


Remark 9.6.6. If a function attains its maximum somewhere, then it 
must be bounded from above (why?). Similarly if it attains its minimum 
somewhere, then it must be bounded from below. These notions of max- 
ima and minima are global; local versions will be defined in Definition 
10.2.1. 


Proposition 9.6.7 (Maximum principle). Let a < b be real numbers, 
and let f : [a,b] + R be a function continuous on [a,b]. Then f attains 
its mazimum at some point Lmax € [a,b], and also attains its minimum 
at some point Lmin € [a,b]. 


Remark 9.6.8. Strictly speaking, “maximum principle” is a misnomer, 
since the principle also concerns the minimum. Perhaps a more precise 
name would have been “extremum principle”; the word “extremum” is 
used to denote either a maximum or a minimum. 


Proof. We shall just show that f attains its maximum somewhere; the 
proof that it attains its minimum also is similar but is left to the reader. 

From Lemma 9.6.3 we know that f is bounded, thus there exists an 
M such that —M < f(x) < M for each zx € [a,b]. Now let EF denote the 
set 


E :={f(x):2 € [a, dj}. 


(In other words, E := f({a,6]).) By what we just said, this set is a 
subset of [—M, M]. It is also non-empty, since it contains for instance 
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the point f(a). Hence by the least upper bound principle, it has a 
supremum sup(£) which is a real number. 

Write m := sup(£). By definition of supremum, we know that y < m 
for all y € E; by definition of FE, this means that f(z) < m for all 
x € [a,b]. Thus to show that f attains its maximum somewhere, it will 
suffice to find an %maz € [a,b] such that f(@maz) = m. (Why will this 
suffice?) 

Let n > 1 be any integer. Then m— 4+ < m=sup(E). As sup(£) is 
the least upper bound for E, m — 4 cannot be an upper bound for E, 
thus there exists a y € F such that m — } < y. By definition of F, this 
implies that there exists an x € [a,b] such that m— i < f(z). 

We now choose a sequence (%,,)°2., by choosing, for each n, x, to be 
an element of [a,b] such that m— 4 < f(xn). (Again, this requires the 
axiom of choice; however it is possible to prove this principle without 
the axiom of choice. For instance, you will see a better proof of this 
proposition using the notion of compactness in Proposition 11.10.2.) 
This is a sequence in [a, b]; by the Heine-Borel theorem (Theorem 9.1.24), 
we can thus find a subsequence (xp, ae where ny < ng <..., which 
converges to some limit %max € [a,6]. Since (an, \Fea converges tO Imax; 
and f is continuous at %mar, we have as before that 


lim f(%n;) = f(@maz). 
jroo 
On the other hand, by construction we know that 


1 1 
[Ga PASS i 5 
nN; J 


and so by taking limits of both sides we see that 


f(@max) 


= lim f(an,;) => lim m— {= =m. 
Jo i eae) J 

On the other hand, we know that f(z) < m for all x € [a,}], so in 

particular f(%maz) < m. Combining these two inequalities we see that 

f(Zmax) = Mm as desired. 


Note that the maximum principle does not prevent a function from 
attaining its maximum or minimum at more than one point. For in- 
stance, the function f(x) := x? on the interval [—2, 2] attains its maxi- 
mum at two different points, at —2 and at 2. 
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Let us write sup,cjq,) f(x) as short-hand for sup{ f(z) : x € [a, OJ}, 
and similarly define infz¢{q) f(a). The maximum principle thus asserts 
that m := supzcjap) f(z) is a real number and is the maximum value 
of f on [a,}], i.e., there is at least one point maz in [a,b] for which 
f(Xmax) = mM, and for every other x € [a,b], f(x) is less than or equal 
to m. Similarly infz¢jq.) f(z) is the minimum value of f on |a, )). 

We now know that on a closed interval, every continuous function is 
bounded and attains its maximum at least once and minimum at least 
once. The same is not true for open or infinite intervals; see Exercise 
9.6.1. 


Remark 9.6.9. You may encounter a rather different “maximum prin- 
ciple” in complex analysis or partial differential equations, involving 
analytic functions and harmonic functions respectively, instead of con- 
tinuous functions. Those maximum principles are not directly related 
to this one (though they are also concerned with whether maxima exist, 
and where the maxima are located). 


— Exercises — 


Exercise 9.6.1. Give examples of 


(a) a function f : (1,2) > R which is continuous and bounded, attains its 
minimum somewhere, but does not attain its maximum anywhere; 


(b) a function f : [0,co) — R which is continuous, bounded, attains its 
maximum somewhere, but does not attain its minimum anywhere; 


(c) a function f : [-1,1] — R which is bounded but does not attain its 
minimum anywhere or its maximum anywhere. 

(d) a function f : [-1,1] — R which has no upper bound and no lower 
bound. 


Explain why none of the examples you construct violate the maximum principle. 
(Note: read the assumptions carefully!) 


9.7 The intermediate value theorem 


We have just shown that a continuous function attains both its maximum 
value and its minimum value. We now show that f also attains every 
value in between. To do this, we first prove a very intuitive theorem: 


Theorem 9.7.1 (Intermediate value theorem). Let a < b, and let f : 
[a,b] > R be a continuous function on [a,b]. Let y be a real number 
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between f(a) and f(b), i.e., either f(a) <y < f(b) or f(a) > y= fd). 
Then there exists c € [a,b] such that f(c) = y. 


) 
ne or f(a) > y > f(b). We will 


Proof. We have two cases: f(a) < y < 
y < f(b); the latter is proven similarly 


assume the former, that f(a) < 
and is left to the reader. 

If y = f(a) or y = f(b) then the claim is easy, as one can simply set 
c= aor c=), so we will assume that f(a) < y < f(b). Let E denote 
the set 

b= te eld, fa) <a 


Clearly F is a subset of [a, b], and is hence bounded. Also, since f(a) < y, 
we see that a is an element of FE, so E is non-empty. By the least upper 
bound principle, the supremum 


c:= sup(F) 


is thus finite. Since E is bounded by b, we know that c < b; since E 
contains a, we know that c > a. Thus we have c € [a,b]. To complete 
the proof we now show that f(c) = y. The idea is to work from the left 
of c to show that f(c) < y, and to work from the right of c to show that 
Fe) 2 y- 

Let n > 1 be an integer. The number c — + is less than c = sup(E) 
and hence cannot be an upper bound for &. Thus there exists a point, 
call it x, which lies in EF and which is greater than c — - Also tn <c 
since c is an upper bound for &. Thus 

1 

C—-— <a <6. 

n 
By the squeeze test (Corollary 6.4.14) we thus have limy..6.@ = ¢. 
Since f is continuous at c, this implies that limn—+oo f(%n) = f(c). But 
since Z, lies in F for every n, we have f(x,) < y for every n. By 
the comparison principle (Lemma 6.4.13) we thus have f(c) < y. Since 
f(b) > f(c), we conclude c F b. 

Since c 4 b and c € [a,b], we must have c < b. In particular there 
is an N > 0 such that c+ 4 <b for all n > N (since c+ 4 converges 
to c as n — oo). Since c is the supremum of F and c + t > ¢, we 
thus have c+ 4 ¢ FE for alln > N. Since c+ 4 € [a,b], we thus have 
f(ct+ +) > y foralln > N. But c+s converges to c, and f is continuous 
at c, thus f(c) > y. But we already knew that f(c) < y, thus f(c) = y, 
as desired. 
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The intermediate value theorem says that if f takes the values f(a) 
and f(b), then it must also take all the values in between. Note that if 
f is not assumed to be continuous, then the intermediate value theorem 


no longer applies. For instance, if f : [—1,1] > R is the function 
-1 ifx<0 
feey={ | if >0 


then f(—1) = —1, and f(1) = 1, but there is no c € [—1,1] for which 
f(c) = 0. Thus if a function is discontinuous, it can “jump” past inter- 
mediate values; however continuous functions cannot do so. 


Remark 9.7.2. A continuous function may take an intermediate value 
multiple times. For instance, if f : [—2,2] > R is the function f(x) := 
x — a, then f(—2) = —6 and f(2) = 6, so we know that there exists 
ac € |—2,2] for which f(c) = 0. In fact, in this case there exists three 
such values of c: we have f(—1) = f(0) = f(1) =0. 


Remark 9.7.3. The intermediate value theorem gives another way to 
show that one can take n“” roots of a number. For instance, to construct 
the square root of 2, consider the function f : [0,2] + R defined by 
f(x) = 2?. This function is continuous, with f(0) = 0 and f(2) = 4. 
Thus there exists a c € [0,2] such that f(c) = 2, ie., c? = 2. (This 
argument does not show that there is just one square root of 2, but it 
does prove that there is at least one square root of 2.) 


Corollary 9.7.4 (Images of continuous functions). Let a < b, and let 
f : [a,b] + R be a continuous function on [a,b]. Let M := supzeja,y) f() 
be the maximum value of f, and let m := infzejae) f(x) be the minimum 
value. Let y be a real number between m and M (i.e., m< y < M). 
Then there exists ac € [a,b] such that f(c) = y. Furthermore, we have 


F (la, 6) = [m, M]. 


Proof. See Exercise 9.7.1. 


— Exercises — 


Exercise 9.7.1. Prove Corollary 9.7.4. (Hint: you may need Exercise 9.4.6 in 
addition to the intermediate value theorem.) 


Exercise 9.7.2. Let f : [0,1] — [0,1] be a continuous function. Show that 
there exists a real number z in [0,1] such that f(x) = x. (Hint: apply the 
intermediate value theorem to the function f(x) — x.) This point x is known 
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as a fixed point of f, and this result is a basic example of a fized point theorem, 
which play an important role in certain types of analysis. 


9.8 Monotonic functions 


We now discuss a class of functions which is distinct from the class of 
continuous functions, but has somewhat similar properties: the class of 
monotone (or monotonic) functions. 


Definition 9.8.1 (Monotonic functions). Let X be a subset of R, and 
let f : X > R be a function. We say that f is monotone increasing iff 
f(y) = f(x) whenever x,y € X and y > x. We say that f is strictly 
monotone increasing iff f(y) > f(a) whenever z,y € X and y > a. 
Similarly, we say f is monotone decreasing iff f(y) < f(a) whenever 
x,y € X and y > a, and strictly monotone decreasing iff f(y) < f(x) 
whenever x,y € X and y > x. We say that f is monotone if it is 
monotone increasing or monotone decreasing, and strictly monotone if 
it is strictly monotone increasing or strictly monotone decreasing. 


Examples 9.8.2. The function f(a) := 27, when restricted to the do- 
main [0, oo), is strictly monotone increasing (why?), but when restricted 
instead to the domain (—oo, 0], is strictly monotone decreasing (why’). 
Thus the function is strictly monotone on both (—oo, 0] and [0,00), but 
is not strictly monotone (or monotone) on the full real line (—oo, 00). 
Note that if a function is strictly monotone on a domain X, it is au- 
tomatically monotone as well on the same domain X. The constant 
function f(x) := 6, when restricted to an arbitrary domain X C R, is 
both monotone increasing and monotone decreasing, but is not strictly 
monotone (unless X consists of at most one point - why?). 


Continuous functions are not necessarily monotone (consider for in- 
stance the function f(x) = x? on R), and monotone functions are not 
necessarily continuous; for instance, consider the function f : [—1,1] > 
R defined earlier by 


-1 ifg<0 
fe) = { 1 ife>0. 


Monotone functions obey the maximum principle (Exercise 9.8.1), but 
not the intermediate value principle (Exercise 9.8.2). On the other hand, 
it is possible for a monotone function to have many, many discontinuities 
(Exercise 9.8.5). 
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If a function is both strictly monotone and continuous, then it has 
many nice properties. In particular, it is invertible: 


Proposition 9.8.3. Let a < b be real numbers, and let f : [a,b] > R 
be a function which is both continuous and strictly monotone increasing. 
Then f is a bijection from [a,b] to [f(a), f(b)], and the inverse f-! : 
(f(a), f(b)] > [a,b] 2s also continuous and strictly monotone increasing. 


Proof. See Exercise 9.8.4. 


There is a similar Proposition for functions which are strictly mono- 
tone decreasing; see Exercise 9.8.4. 


Example 9.8.4. Let n be a positive integer and R > 0. Since the 
function f(x) := x” is strictly increasing on the interval [0, R], we see 
from Proposition 9.8.3 that this function is a bijection from [0, R] to 
[0, R”], and hence there is an inverse from [0,R”] to [0,R]. This can 
be used to give an alternate means to construct the n” root 2!/” of a 
number x € [0, R] than what was done in Lemma 5.6.5. 


— Exercises — 


Exercise 9.8.1. Explain why the maximum principle remains true if the hy- 
pothesis that f is continuous is replaced with f being monotone, or with f 
being strictly monotone. (You can use the same explanation for both cases.) 


Exercise 9.8.2. Give an example to show that the intermediate value theo- 
rem becomes false if the hypothesis that f is continuous is replaced with f 
being monotone, or with f being strictly monotone. (You can use the same 
counterexample for both cases.) 


Exercise 9.8.3. Let a < b be real numbers, and let f : [a,b] + R be a function 
which is both continuous and one-to-one. Show that f is strictly monotone. 
(Hint: divide into the three cases f(a) < f(b), f(a) = f(b), f(a) > f(b). The 
second case leads directly to a contradiction. In the first case, use contradic- 
tion and the intermediate value theorem to show that f is strictly monotone 
increasing; in the third case, argue similarly to show f is strictly monotone 
decreasing.) 


Exercise 9.8.4. Prove Proposition 9.8.3. (Hint: to show that f~+ is continu- 
ous, it is easiest to use the “epsilon-delta” definition of continuity, Proposition 
9.4.7(c).) Is the proposition still true if the continuity assumption is dropped, 
or if strict monotonicity is replaced just by monotonicity? How should one 
modify the proposition to deal with strictly monotone decreasing functions 
instead of strictly monotone increasing functions? 


Exercise 9.8.5. In this exercise we give an example of a function which has a 
discontinuity at every rational point, but is continuous at every irrational. Since 
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the rationals are countable, we can write them as Q = {q(0),q(1), q(2),...}, 
where gq: N > Q is a bijection from N to Q. Now define a function g: Q-> R 
by setting g(q(n)) := 2~” for each natural number n; thus g maps q(0) to 1, ¢(1) 
to 271, etc. Since }77".) 27” is absolutely convergent, we see that }>..<q g(r) 
is also absolutely convergent. Now define the function f : R — R by 


f(@):= SO g(r). 


reQ:ir<a 


Since >7,.cq g(r) is absolutely convergent, we know that f(x) is well-defined 
for every real number z. 


(a) Show that f is strictly monotone increasing. (Hint: you will need Propo- 
sition 5.4.14.) 


(b) Show that for every rational number r, f is discontinuous at r. (Hint: 
since r is rational, r = q(n) for some natural number n. Show that 
f(x) > f(r) +27” for all a > r.) 


(c) Show that for every irrational number xz, f is continuous at x. (Hint: 
first demonstrate that the functions 


fn(a) *= S g(r) 


rEQ:ir<a,g(r)>2-” 


are continuous at x, and that | f(x) — fr(x)| < 27".) 


9.9 Uniform continuity 


We know that a continuous function on a closed interval [a,b] remains 
bounded (and in fact attains its maximum and minimum, by the max- 
imum principle). However, if we replace the closed interval by an open 
interval, then continuous functions need not be bounded any more. An 
example is the function f : (0,2) + R defined by f(x) := 1/z. This 
function is continuous at every point in (0,2), and is hence continuous 

t (0,2), but is not bounded. Informally speaking, the problem here is 
that while the function is indeed continuous at every point in the open 
interval (0,2), it becomes “less and less” continuous as one approaches 
the endpoint 0. 

Let us analyze this phenomenon further, using the “epsilon-delta” 
definition of continuity - Proposition 9.4.7(c). We know that if f : X > 
R is continuous at a point xo, then for every ¢ > 0 there exists a 6 such 
that f(x) will be e-close to f(a) whenever x € X is d-close to xp. In 
other words, we can force f(a) to be e-close to f(xo) if we ensure that x 
is sufficiently close to 7p. One way of thinking about this is that around 
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every point xo there is an “island of stability” (x9 — 6,79 +6), where the 
function f(a) doesn’t stray by more than ¢ from f(z). 


Example 9.9.1. Take the function f(a) := 1/x mentioned above at 
the point 2p = 1. In order to ensure that f(x) is 0.1-close to f(a), it 
suffices to take x to be 1/11-close to xo, since if x is 1/11-close to x 
then 10/11 < x < 12/11, and so 11/12 < f(x) < 11/10, and so f(z) 
is 0.1-close to f(xo). Thus the “6” one needs to make f(x) 0.1-close to 
f (xo) is about 1/11 or so, at the point xo = 1. 

Now let us look instead at the point xp = 0.1. The function f(x) = 
1/x is still continuous here, but we shall see the continuity is much 
worse. In order to ensure that f(x) is 0.1-close to f(xo), we need x to 
be 1/1010-close to xp. Indeed, if x is 1/1010 close to xo, then 10/101 < 
x < 102/1010, and so 9.901 < f(x) < 10.1, so f(x) is 0.1-close to f (xo). 
Thus one needs a much smaller “6” for the same value of ¢€ - i.e., f(x) is 
much more “unstable” near 0.1 than it is near 1, in the sense that there 
is a much smaller “island of stability” around 0.1 as there is around 1 
(if one is interested in keeping f(a) 0.1-stable). 


On the other hand, there are other continuous functions which do 
not exhibit this behavior. Consider the function g : (0,2) + R defined 
by g(x) := 2a. Let us fix ¢ = 0.1 as before, and investigate the island 
of stability around xp = 1. It is clear that if x is 0.05-close to xo, then 
g(x) is 0.1-close to g(ao); in this case we can take 6 to be 0.05 at xp = 1. 
And if we move xo around, say if we set x9 to 0.1 instead, the 6 does not 
change - even when 2p is set to 0.1 instead of 1, we see that g(x) will 
stay 0.1-close to g(x) whenever x is 0.05-close to 29. Indeed, the same 
6 works for every x9. When this happens, we say that the function g is 
uniformly continuous. More precisely: 


Definition 9.9.2 (Uniform continuity). Let X be a subset of R, and 
let f : X +R bea function. We say that f is uniformly continuous if, 
for every € > 0, there exists a 6 > 0 such that f(x) and f(a) are e-close 
whenever x,2%9 € X are two points in X which are 6-close. 


Remark 9.9.3. This definition should be compared with the notion 
of continuity. From Proposition 9.4.7(c), we know that a function f is 
continuous if for every €« > 0, and every ro € X, there is a 6 > 0 such 
that f(x) and f(a) are e-close whenever x € X is 6-close to xp. The 
difference between uniform continuity and continuity is that in uniform 
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continuity one can take a single 6 which works for all rq € X; for 
ordinary continuity, each x9 € X might use a different 6. Thus every 
uniformly continuous function is continuous, but not conversely. 


Example 9.9.4. (Informal) The function f : (0,2) — R defined by 
f(x) := 1/2 is continuous on (0,2), but not uniformly continuous, be- 
cause the continuity (or more precisely, the dependence of 6 on €) be- 
comes worse and worse as x — 0. (We will make this more precise in 
Example 9.9.10.) 


Recall that the notions of adherent point and of continuous func- 
tion had several equivalent formulations; both had “epsilon-delta” type 
formulations (involving the notion of ¢-closeness), and both had “sequen- 
tial” formulations (involving the convergence of sequences); see Lemma 
9.1.14 and Proposition 9.3.9. The concept of uniform continuity can sim- 
ilarly be phrased in a sequential formulation, this time using the concept 
of equivalent sequences (cf. Definition 5.2.6, but we now generalize to 
sequences of real numbers instead of rationals, and no longer require the 
sequences to be Cauchy): 


Definition 9.9.5 (Equivalent sequences). Let m be an integer, let 
(Gn) pom, and (by )?—,,, be two sequences of real numbers, and let ¢ > 0 be 
given. We say that (a,)°2,,, is e-close to (bn)°,,, iff an is e-close to by, 
for each n > m. We say that (an)°2,, is eventually e-close to (bn) rm 
iff there exists an N > m such that the sequences (an)?° jy, and (bn)°° a, 
are <-close. Two sequences (a,,)°2,,, and (b,)°2,, are equivalent iff for 
each € > 0, the sequences (a,,)°2,, and (b,)°2,,, are eventually ¢-close. 


Remark 9.9.6. One could debate whether ¢ should be assumed to be 
rational or real, but a minor modification of Proposition 6.1.4 shows 
that this does not make any difference to the above definitions. 


The notion of equivalence can be phrased more succinctly using our 
language of limits: 


Lemma 9.9.7. Let (an)? and (bn)°°, be sequences of real numbers 
(not necessarily bounded or convergent). Then (an)r21 and (bn)? are 
equivalent if and only if limp +.0(an — bn) = 0. 


Proof. See Exercise 9.9.1. 
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Meanwhile, the notion of uniform continuity can be phrased using 
equivalent sequences: 


Proposition 9.9.8. Let X be a subset of R, and let f: X > R bea 
function. Then the following two statements are logically equivalent: 


(a) f is uniformly continuous on X. 


(b) Whenever (an)P29 and (Yyn)?9 are two equivalent sequences con- 
sisting of elements of X, the sequences (f(%n))?2.9 and (f(Yn))PZo 
are also equivalent. 


Proof. See Exercise 9.9.2. 


Remark 9.9.9. The reader should compare this with Proposition 9.3.9. 
Proposition 9.3.9 asserted that if f was continuous, then f maps con- 
vergent sequences to convergent sequences. In contrast, Proposition 
9.9.8 asserts that if f is uniformly continuous, then f maps equivalent 
pairs of sequences to equivalent pairs of sequences. To see how the two 
Propositions are connected, observe from Lemma 9.9.7 that (a%p)?29 
will converge to x, if and only if the sequences (a%,)?2.9 and (x)°29 are 
equivalent. 


Example 9.9.10. Consider the function f : (0,2) — R defined by 
f(x) := 1/x considered earlier. From Lemma 9.9.7 we see that the se- 
quence (1/n)?°., and (1/2n)°°., are equivalent sequences in (0,2). How- 
ever, the ae (f (1/n)= and (f(1/2n))°2, are not equivalent 
(why? Use Lemma 9.9.7 again). So by Proposition 9.9.8, f is not uni- 
formly continuous. (These sequences start at 1 instead of 0, but the 
reader can easily see that this makes no difference to the above discus- 
sion.) 


Example 9.9.11. Consider the function f : R — R defined by 
f(z) := 2?. This is a continuous function on R, but it turns out not 
to be uniformly continuous; in some sense the continuity gets “worse 
and worse” as one approaches infinity. One way to quantify ue is 
via Proposition 9.9.8. Consider the sequences (n)°°, and (n + 4+)%4. 
By Lemma 9.9.7, these sequences are equivalent. But the sequences 
(f(n))o2, and (f(n + +))°2, are not equivalent, since f(n + +) = 
n2+2+ 4 = f(n) + 2+ 4; does not become eventually 2-close to 
f(n). By Proposition 9.9.8 we can thus conclude that f is not uniformly 


continuous. 
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Another property of uniformly continuous functions is that they map 
Cauchy sequences to Cauchy sequences. 


Proposition 9.9.12. Let X be a subset of R, and let f : X 7 R 
be a uniformly continuous function. Let (%n)P29 be a Cauchy sequence 
consisting entirely of elements in X. Then (f(an))?2o ts also a Cauchy 
sequence. 


Proof. See Exercise 9.9.3. 


Example 9.9.13. Once again, we demonstrate that the function f : 
(0,2) — R defined by f(x) := 1/z is not uniformly continuous. The 
sequence (1/n)°°, is a Cauchy sequence in (0,2), but the sequence 
(f(1/n))P2, is not a Cauchy sequence (why?). Thus by Proposition 
9.9.12, f is not uniformly continuous. 


Corollary 9.9.14. Let X be a subset of R, let f : X > R be a uniformly 
continuous function, and let x9 be an adherent point of X. Then the limit 
limy-y2o.cex f(x) exists (in particular, it is a real number). 


Proof. See Exercise 9.9.4. 


We now show that a uniformly continuous function will map bounded 
sets to bounded sets. 


Proposition 9.9.15. Let X be a subset of R, and let f: X > R bea 
uniformly continuous function. Suppose that E is a bounded subset of 
X. Then f(E) is also bounded. 


Proof. See Exercise 9.9.5. 


As we have just seen repeatedly, not all continuous functions are 
uniformly continuous. However, if the domain of the function is a closed 
interval, then continuous functions are in fact uniformly continuous: 


Theorem 9.9.16. Let a < b be real numbers, and let f : [a,b] > R 
be a function which is continuous on [a,b]. Then f is also uniformly 
continuous. 


Proof. Suppose for sake of contradiction that f is not uniformly contin- 
uous. By Proposition 9.9.8, there must therefore exist two equivalent se- 
quences (%,)°2_9 and (Yp)°2 9 in [a, b] such that the sequences (f (@p))°29 
and (f(Yn))?2» are not equivalent. In particular, we can find an e > 0 
such that (f(@p))P29 and (f(Yn))P2o9 are not eventually e-close. 
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Fix this value of €, and let EF be the set 
E:={néN: f(an) and f(yn) are not e-close}. 


We must have £ infinite, since if E were finite then (f(x,))°29 and 
(f(Yn))?29 would be eventually e-close (why?). By Proposition 8.1.5, E 
is countable; in fact from the proof of that proposition we see that. we 
can find an infinite sequence 


n<ny<ng<... 
consisting entirely of elements in E. In particular, we have 
lf(an;) — f(yn;)| > € for all j EN. (9.3) 


On the other hand, the sequence (xp, )Feo is a sequence in [a, b], and so by 
the Heine-Borel theorem (Theorem 9.1.24) there must be a subsequence 
(Zn; Reo Which converges to some limit L in [a,b]. In particular, f is 
continuous at L, and so by Proposition 9.4.7, 


dim f(tn,) = f(D). (9.4) 


Note that (tn, )f29 is a subsequence of (p)p29, and (Yn,;, Lo is a 
subsequence of (Yyn)?29, by Lemma 6.6.4. On the other hand, from 
Lemma 9.9.7 we have 


lim (fn — Yn) = 0. 

noo 
By Proposition 6.6.5, we thus have 

lim (2n5, — Ynj,) = 9. 
Since Ln, converges to L as k + oo, we thus have by limit laws 
ae Yn, = L 

and hence by continuity of f at D 
Subtracting this from (9.4) using limit laws, we obtain 


But this contradicts (9.3) (why?). From this contradiction we conclude 
that f is in fact uniformly continuous. 
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Remark 9.9.17. One should compare Lemma 9.6.3, Proposition 9.9.15, 
and Theorem 9.9.16 with each other. No two of these results imply the 
third, but they are all consistent with each other. 


— Exercises — 
Exercise 9.9.1. Prove Lemma 9.9.7. 
Exercise 9.9.2. Prove Proposition 9.9.8. (Hint: you should avoid Lemma 9.9.7, 
and instead go back to the definition of equivalent sequences in Definition 9.9.5.) 
Exercise 9.9.3. Prove Proposition 9.9.12. (Hint: use Definition 9.9.2 directly.) 
Exercise 9.9.4. Use Proposition 9.9.12 to prove Corollary 9.9.14. Use this 
corollary to give an alternate demonstration of the results in Example 9.9.10. 


Exercise 9.9.5. Prove Proposition 9.9.15. (Hint: mimic the proof of Lemma 
9.6.3. At some point you will need either Proposition 9.9.12 or Corollary 
9.9.14.) 


Exercise 9.9.6. Let X,Y,Z be subsets of R. Let f : X — Y be a function 
which is uniformly continuous on X, and let g: Y — Z be a function which is 
uniformly continuous on Y. Show that the function go f : X — Z is uniformly 
continuous on X. 


9.10 Limits at infinity 


Until now, we have discussed what it means for a function f: X > R 
to have a limit as x — zo as long as 2 is a real number. We now briefly 
discuss what it would mean to take limits when xg is equal to +-oo or 
—oo. (This is part of a more general theory of continuous functions on 
a topological space; see Section 11.12.) 

First, we need a notion of what it means for +oo or —oo to be 
adherent to a set. 


Definition 9.10.1 (Infinite adherent points). Let X be a subset of R. 
We say that +0o is adherent to X iff for every M © R there exists an 
x € X such that + > M; we say that —oo is adherent to X iff for every 
M €R there exists an x € X such that « < M. 


In other words, +00 is adherent to X iff X has no upper bound, or 
equivalently iff sup(X) = +o. Similarly —oo is adherent to X iff X has 
no lower bound, or iff inf(X) = —oo. Thus a set is bounded if and only 
if +oo and —oo are not adherent points. 


Remark 9.10.2. This definition may seem rather different from Def- 
inition 9.1.8, but can be unified using the topological structure of the 
extended real line R*, which we will not discuss here. 
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Definition 9.10.3 (Limits at infinity). Let X be a subset of R with 
+oo as an adherent point, and let f : X — R bea function. We say that 
f(x) converges to L as x + +00 in X, and write limz-,4.0:2ex f(x) = L, 
iff for every € > O there exists an M such that f is e-close to LE on 
X 1 (M,+00) (ie., | f(a) — L| < e for all c € X such that x > M). 
Similarly we say that f(x) converges to L as x — —on iff for every ¢ > 0 
there exists an M such that f is e-close to L on X M(—o0, M). 


Example 9.10.4. Let f : (0,00) — R be the function f(x) := 1/z. 
Then we have limz_,+.0;z€(0,00) 1/e = 0. (Can you see why, from the 
definition?) 


One can do many of the same things with these limits at infinity as 
we have been doing with limits at other points x9; for instance, it turns 
out that all of the limit laws continue to hold. However, as we will not be 
using these limits much in this text, we will not devote much attention 
to these matters. We will note though that this definition is consistent 
with the notion of a limit limp_,.. dn of a sequence (Exercise 9.10.1). 


— Exercises — 


Exercise 9.10.1. Let (an)°%29 be a sequence of real numbers, then a, can also 
be thought of as a function from N to R, which takes each natural number n 
to a real number a,. Show that 
lim Qn = lim ap 
n—++o0;nEN n—+0o 

where the left-hand limit is defined by Definition 9.10.3 and the right-hand 
limit is defined by Definition 6.1.8. More precisely, show that if one of the 
above two limits exists then so does the other, and then they both have the 
same value. Thus the two notions of limit here are compatible. 


Chapter 10 


Differentiation of functions 


10.1 Basic definitions 


We can now begin the rigorous treatment of calculus in earnest, starting 
with the notion of a derivative. We can now define derivatives analyti- 
cally, using limits, in contrast to the geometric definition of derivatives, 
which uses tangents. The advantage of working analytically is that (a) 
we do not need to know the axioms of geometry, and (b) these definitions 
can be modified to handle functions of several variables, or functions 
whose values are vectors instead of scalar. Furthermore, one’s geometric 
intuition becomes difficult to rely on once one has more than three di- 
mensions in play. (Conversely, one can use one’s experience in analytic 
rigour to extend one’s geometric intuition to such abstract settings; as 
mentioned earlier, the two viewpoints complement rather than oppose 
each other.) 


Definition 10.1.1 (Differentiability at a point). Let X be a subset of 
R, and let x € X be an element of X which is also a limit point of X. 
Let f :X > R be a function. If the limit 
aan = Fo) 
x—a9;7EX —{x0} x — XO 

converges to some real number L, then we say that f is differentiable at 
xo on X with derivative L, and write f'(xo) := L. If the limit does not 
exist, or if xp is not an element of X or not a limit point of X, we leave 
f'(xo) undefined, and say that f is not differentiable at xo on X. 


Remark 10.1.2. Note that we need zo to be a limit point in order for 
xo to be adherent to X — {ag}, otherwise the limit 


OES IC) 


xr—>x9;cEX —{xo} vw LO 
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would automatically be undefined. In particular, we do not define the 
derivative of a function at an isolated point; for instance, if one restricts 
the function f : R > R defined by f(x) := x? to the domain X := 
[1, 2] U{3}, then the restriction of the function ceases to be differentiable 
at 3. (See however Exercise 10.1.1 below.) In practice, the domain X 
will almost always be an interval, and so by Lemma 9.1.21 all elements 
zo of X will automatically be limit points and we will not have to care 
much about these issues. 


Example 10.1.3. Let f : R — R be the function f(x) := 27, and let 
xq be any real number. To see whether f is differentiable at zo on R, 
we compute the limit 


2 2 
5 xv) — x : BG 
xz—x0;tER—{zx0} L— IX xz—>xo;3xER—{xo} LT — Xo 


We can factor the numerator as (x? — 22) = (x — xo)(x + 20). Since 


x € R—{xo0}, we may legitimately cancel the factors of x — x9 and write 
the above limit as 


lim x+ x0 
r—>axo;xER—{x0} 
which by limit laws is equal to 279. Thus the function f(x) is differen- 
tiable at xp and its derivative there is 2x9. 


Remark 10.1.4. This point is trivial, but it is worth mentioning: if 
f : X — R is differentiable at 79, and g : X — R is equal to f 
(i.e., g(x) = f(x) for all x € X), then g is also differentiable at xo 
and g'(%9) = f’(ao) (why?). However, if two functions f and g merely 
have the same value at Xo, i.e., g(ao) = f (xo), this does not imply that 
g'(xo) = f’(xo). (Can you see a counterexample?) Thus there is a big 
difference between two functions being equal on their whole domain, and 
merely being equal at one point. 


Remark 10.1.5. One sometimes writes af instead of f’. This notation 
is of course very familiar and convenient, but one has to be a little 
careful, because it is only safe to use as long as x is the only variable 
used to represent the input for f; otherwise one can get into all sorts of 
trouble. For instance, the function f : R — R defined by f(x) := 2? 
has derivative af = 2x, but the function g : R > R defined by g(y) := 


y* would seem to have derivative da = 0 if y and x are independent 
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variables, despite the fact that g and f are exactly the same function. 
Because of this possible source of confusion, we will refrain from using 
the notation a whenever it could possibly lead to confusion. (This 
confusion becomes even worse in the calculus of several variables, and 
the standard notation of of can lead to some serious ambiguities. There 
are ways to resolve these ambiguities, most notably by introducing the 
notion of differentiation along vector fields, but this is beyond the scope 


of this text.) 


Example 10.1.6. Let f : R > R be the function f(x) := |x|, and let 
xo = 0. To see whether f is differentiable at 0 on R, we compute the 


limit 
z—>0;rER—{0} xz —0 xz—0;cER—{0} x 


|x| 
Now we take left limits and right limits. The right limit is 


x . x : 
le| = lim —= lim ee 
z—0;rE (0,00) XL x—0;r€ (0,00) X x—0;x€ (0,00) 


while the left limit is 


x : 2x ‘ 
kal = lim sd lim -1=-1, 
x x—0;r€E(0,co) X£ x—0;x€ (0,00) 


lim 
x—0;x€(—oo,0) 
and these limits do not match. Thus lim,_,9.,¢R—{0} Ea does not exist, 
and f is not differentiable at 0 on R. However, if one restricts f to [0, 00), 
then the restricted function f|jo..) 1s differentiable at 0 on [0,00), with 
derivative 1: 


= lim lz =1. 
x—+0;xE (0,00) XL 


f(x) — f(0) 
0 


lim 
xz—0;x€[0,00)—{0} Le 


Similarly, when one restricts f to (—oo,0], the restricted function 
f\(—co,9) is differentiable at 0 on (—oo,0], with derivative —1. Thus 
even when a function is not differentiable, it is sometimes possible to 
restore the differentiability by restricting the domain of the function. 


If a function is differentiable at x9, then it is approximately linear 
near 20: 


Proposition 10.1.7 (Newton’s approximation). Let X be a subset of 
R, let to € X be a limit point of X, let f : X — R be a function, 
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and let L be a real number. Then the following statements are logically 
equivalent: 


(a) f is differentiable at xo on X with derivative L. 


(b) For every e« > 0, there exists a 6 > 0 such that f(x) is ela — xo|- 
close to f(xo) + L(x — xo) whenever x € X is 6-close to Xo, i.€., 
we have 


|f(x) — (F(20) + L(x — 20))| < elx — xo 
whenever x € X and |x — xo| < 6. 
Remark 10.1.8. Newton’s approximation is of course named after the 


great scientist and mathematician Isaac Newton (1642-1727), one of the 
founders of differential and integral calculus. 


Proof. See Exercise 10.1.2. 


Remark 10.1.9. We can phrase Proposition 10.1.7 in a more informal 
way: if f is differentiable at x9, then one has the approximation f(x) ~ 
f (xo) + f'(ao)(x — x0), and conversely. 


As the example of the function f : R — R defined by f(x) := |z| 
shows, a function can be continuous at a point without being differen- 
tiable at that point. However, the converse is true: 


Proposition 10.1.10 (Differentiability implies continuity). Let X be a 
subset of R, let x9 € X be a limit point of X, and let f : X > R be a 
function. If f is differentiable at xo, then f 1s also continuous at xo. 


Proof. See Exercise 10.1.3. 


Definition 10.1.11 (Differentiability on a domain). Let X be a subset 
of R, and let f : X — R be a function. We say that f is differentiable 
on X if, for every limit point xp € X, the function f is differentiable at 
xo on X. 


From Proposition 10.1.10 and the above definition we have an im- 
mediate corollary: 


Corollary 10.1.12. Let X be a subset of R, and let f : X > R be a 
function which is differentiable on X. Then f is also continuous on X. 
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Now we state the basic properties of derivatives which you are all 
familiar with. 


Theorem 10.1.13 (Differential calculus). Let X be a subset of R, let 
zo € X be a limit point of X, and let f: X > Randg: X > R be 
functions. 


(a) If f is a constant function, i.e., there exists a real number c such 
that f(x) = c for all x € X, then f is differentiable at xo and 
f' (xo) =0. 


(b) If f is the identity function, i.e., f(x) =a for alla € X, then f 
is differentiable at xq and f'(ap) = 1. 


(c) (Sum rule) If f and g are differentiable at xo, then f +g is also 
differentiable at xo, and (f + g)'(xo) = f'(ao) + g’(Zo).- 


(d) (Product rule) If f and g are differentiable at xo, then fg is also 
differentiable at xo, and (fg)'(xo) = f'(x0)g9(ao) + f(20)g' (20). 


(e) If f ts differentiable at xp and c is a real number, then cf is also 
differentiable at x9, and (cf)'(xo0) = cf’ (20). 


(f) (Difference rule) If f and g are differentiable at xo, then f — g is 
also differentiable at xo, and (f — g)'(xo) = f'(x0) — 9’ (Xo). 


(g) Ifg is differentiable at xo, and g is non-zero on X (1.e., g(x) £0 
for allx € X), then 1/g is also differentiable at xo, and (5)'(2o) = 

g' (xo) 

~ g(xo)" 
(h) (Quotient rule) If f and g are differentiable at xo, and g is non- 


zero on X, then f/g is also differentiable at xo, and 


Zeiss 


g g(ao)? 


Remark 10.1.14. The product rule is also known as the Leibniz rule, 
after Gottfried Leibniz (1646-1716), who was the other founder of dif- 
ferential and integral calculus besides Newton. 


Proof. See Exercise 10.1.4. 
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As you are well aware, the above rules allow one to compute many 
derivatives easily. For instance, if f : R — {1} — R is the function 
f(z) := =, then it is easy to use the above rules to show that f’(xo) = 
mt? for all a9 € R—{1}. (Why? Note that every point xp in R— {1} 
is a limit point of R — {1}.) 

Another fundamental property of differentiable functions is the fol- 
lowing: 


Theorem 10.1.15 (Chain rule). Let X, Y be subsets of R, let x9 © X 
be a limit point of X, and let yo € Y be a limit point of Y. Let f : X > Y 
be a function such that f(xo) = yo, and such that f is differentiable at 
xo. Suppose that g: Y > R is a function which is differentiable at yo. 
Then the function go f : X > R is differentiable at xo, and 


(90 f)'(ao) = 9' (yo) f’ (#0). 


Proof. See Exercise 10.1.7. 


Example 10.1.16. If f : R— {1} > R is the function f(z) := 3, 
and g: R > R is the function g(y) := y?, then go f(x) = (=), and 
the chain rule gives 


(go f)'(ao) =2(2=) 1 


toby (ao=41) 


Remark 10.1.17. If one writes y for f(x), and z for g(y), then the 


chain rule can be written in the more visually appealing manner ie = 


dg de" However, this notation can be misleading (for instance it blurs 
the distinction between dependent variable and independent variable, 
especially for y), and leads one to believe that the quantities dz, dy, dx 
can be manipulated like real numbers. However, these quantities are 
not real numbers (in fact, we have not assigned any meaning to them 
at all), and treating them as such can lead to problems in the future. 
For instance, if f depends on x; and x2, which depend on t, then chain 
rule for several variables asserts that f = 2 f a | 2 of dea | but this rule 
might seem suspect if one treated df, dt, etc. as real numbers. It is 
possible to think of dy, dx, etc. as “infinitesimal real numbers” if one 
knows what one is doing, but for those just starting out in analysis, I 
would not recommend this approach, especially if one wishes to work 
rigorously. (There is a way to make all of this rigorous, even for the 
calculus of several variables, but it requires the notion of a tangent 
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vector, and the derivative map, both of which are beyond the scope of 
this text.) 


— Exercises — 


Exercise 10.1.1. Suppose that X is a subset of R, xo is a limit point of X, and 
f :X — Risa function which is differentiable at xg. Let Y C X be such that 
xo € Y, and Zo is also a limit point of Y. Prove that the restricted function 
fly : Y > R is also differentiable at zo, and has the same derivative as f at 
xo. Explain why this does not contradict the discussion in Remark 10.1.2. 


Exercise 10.1.2. Prove Proposition 10.1.7. (Hint: the cases « = xo and x # 2 
have to be treated separately.) 


Exercise 10.1.3. Prove Proposition 10.1.10. (Hint: either use the limit laws 
(Proposition 9.3.14), or use Proposition 10.1.7.) 


Exercise 10.1.4. Prove Theorem 10.1.13. (Hint: use the limit laws in Propo- 
sition 9.3.14. Use earlier parts of this theorem to prove the latter. For the 
product rule, use the identity 


f(x)g(x) — f(xo)g(xo) 


(g(x) — g(@o)) + (F(x) — F(0))g (ao); 


this trick of adding and subtracting an intermediate term is sometimes known 
as the “middle-man trick” and is very useful in analysis.) 


Exercise 10.1.5. Let n be a natural number, and let f : R —- R be the function 
f(x) := 2”. Show that f is differentiable on R and f’(x) = nx"! for all 
x €R. (Hint: use Theorem 10.1.13 and induction.) 


Exercise 10.1.6. Let n be a negative integer, and let f : R — {0} > R be the 
function f(x) := 2". Show that f is differentiable on R and f’(x) = nx”"~! for 
all € R— {0}. (Hint: use Theorem 10.1.13 and Exercise 10.1.5.) 


Exercise 10.1.7. Prove Theorem 10.1.15. (Hint: one way to do this is via New- 
ton’s approximation, Proposition 10.1.7. Another way is to use Proposition 
9.3.9 and Proposition 10.1.10 to convert this problem into one involving lim- 
its of sequences, however with the latter strategy one has to treat the case 
f' (ao) = 0 separately, as some division-by-zero subtleties can occur in that 
case. ) 


10.2. Local maxima, local minima, and derivatives 


As you learnt in your basic calculus courses, one very common appli- 
cation of using derivatives is to locate maxima and minima. We now 
present this material again, but this time in a rigorous manner. 
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The notion of a function f : X > R attaining a maximum or mini- 
mum at a point 79 € X was defined in Definition 9.6.5. We now localize 
this definition: 


Definition 10.2.1 (Local maxima and minima). Let f : X — R be 
a function, and let 79 € X. We say that f attains a local marimum 
at ao iff there exists a 6 > 0 such that the restriction f|xq(2)—6,09+6) 
of f to X N (ap — 6,29 + 6) attains a maximum at xp. We say that 
f attains a local minimum at xo iff there exists a 6 > 0 such that the 
restriction f|xA(29—d,29+46) Of f to XN (xo — 4,20 +6) attains a minimum 
at Zo. 


Remark 10.2.2. If f attains a maximum at x9, we sometimes say that 
f attains a global maximum at 20, in order to distinguish it from the 
local maxima defined here. Note that if f attains a global maximum 
at xo, then it certainly also attains a local maximum at this x9, and 
similarly for minima. 


Example 10.2.3. Let f : R — R denote the function f(x) := x? — 2+. 
This function does not attain a global minimum at 0, since for example 
f(2) = -12 < 0 = f(0), however it does attain a local minimum, for 
if we choose 6 := 1 and restrict f to the interval (—1,1), then for all 
x € (—1,1) we have x* < x? and thus f(x) = 2? — x4 > 0 = f(0), and 
so f|(-1,1) has a local minimum at 0. 


Example 10.2.4. Let f : Z— R be the function f(x) = x, defined on 
the integers only. Then f has no global maximum or global minimum 
(why?), but attains both a local maximum and local minimum at every 
integer n (why?). 


Remark 10.2.5. If f : X > R attains a local maximum at a point x9 
in X,and Y C X is asubset of X which contains ro, then the restriction 
fly : Y > R also attains a local maximum at x9 (why?). Similarly for 
minima. 


The connection between local maxima, minima and derivatives is the 
following. 


Proposition 10.2.6 (Local extrema are stationary). Let a < 6 be real 
numbers, and let f : (a,b) > R be a function. If xo € (a,b), f is differ- 
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entiable at xp, and f attains either a local maximum or local minimum 
at xo, then f'(xo) = 0. 


Proof. See Exercise 10.2.1. 


Note that f must be differentiable for this proposition to work; see 
Exercise 10.2.2. Also, this proposition does not work if the open interval 
(a,b) is replaced by a closed interval [a,b]. For instance, the function 
f : [1,2] — R defined by f(x) := @ has a local maximum at rp = 2 anda 
local minimum zo = 1 (in fact, these local extrema are global extrema), 
but at both points the derivative is f’(zp) = 1, not f’(zo) = 0. Thus 
the endpoints of an interval can be local maxima or minima even if the 
derivative is not zero there. Finally, the converse of this proposition is 
false (Exercise 10.2.3). 

By combining Proposition 10.2.6 with the maximum principle, one 
can obtain 


Theorem 10.2.7 (Rolle’s theorem). Let a < b be real numbers, and let 
g: [a,b] > R be a continuous function which is differentiable on (a,b). 
Suppose also that g(a) = g(b). Then there exists an x € (a,b) such that 


g(x) = 0. 
Proof. See Exercise 10.2.4. 


Remark 10.2.8. Note that we only assume f is differentiable on the 
open interval (a, b), though of course the theorem also holds if we assume 
f is differentiable on the closed interval [a,b], since this is larger than 


(a, b). 
Rolle’s theorem has an important corollary. 


Corollary 10.2.9 (Mean value theorem). Let a < b be real numbers, 
and let f : [a,b] + R be a function which is continuous on [a,b] and 


differentiable on (a,b). Then there exists an x € (a,b) such that f’(x) = 
f(b)=f(a) 


b-—a i 


Proof. See Exercise 10.2.5. 


— Exercises — 
Exercise 10.2.1. Prove Proposition 10.2.6. 


Exercise 10.2.2. Give an example of a function f : (—1,1) — R which is 
continuous and attains a global maximum at 0, but which is not differentiable 
at 0. Explain why this does not contradict Proposition 10.2.6. 
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Exercise 10.2.3. Give an example of a function f : (—1,1) — R which is 
differentiable, and whose derivative equals 0 at 0, but such that 0 is neither 
a local minimum nor a local maximum. Explain why this does not contradict 
Proposition 10.2.6. 

Exercise 10.2.4. Prove Theorem 10.2.7. (Hint: use Corollary 10.1.12 and the 
maximum principle, Proposition 9.6.7, followed by Proposition 10.2.6. Note 
that the maximum principle does not tell you whether the maximum or mini- 
mum is in the open interval (a,b) or is one of the boundary points a, b, so you 
have to divide into cases and use the hypothesis g(a) = g(b) somehow.) 
Exercise 10.2.5. Use Theorem 10.2.7 to prove Corollary 10.2.9. (Hint: consider 
a function of the form f(x) — cx for some carefully chosen real number c.) 
Exercise 10.2.6. Let M > 0, and let f : [a,b] ~ R be a function which is 
continuous on [a,b] and differentiable on (a,b), and such that |f’(x)| < M for 
all x € (a, 6) (i.e., the derivative of f is bounded). Show that for any x, y € [a, }] 
we have the inequality | f(x) — f(y)| < M|x— y|. (Hint: apply the mean value 
theorem (Corollary 10.2.9) to a suitable restriction of f.) Functions which 
obey the bound |f(x) — f(y)| < Mla — y| are known as Lipschitz continuous 
functions with Lipschitz constant M; thus this exercise shows that functions 
with bounded derivative are Lipschitz continuous. 

Exercise 10.2.7. Let f : R > R be a differentiable function such that f’ 
is bounded. Show that f is uniformly continuous. (Hint: use the preceding 
exercise. ) 


10.3. Monotone functions and derivatives 


In your elementary calculus courses, you may have come across the as- 
sertion that a positive derivative meant an increasing function, and a 
negative derivative meant a decreasing function. This statement is not 
completely accurate, but it is pretty close; we now give the precise ver- 
sion of these statements below. 


Proposition 10.3.1. Let X be a subset of R, let xp € X be a limit point 
of X, and let f : X > R be a function. If f is monotone increasing and 
f is differentiable at xo, then f'(xo) > 0. If f is monotone decreasing 
and f is differentiable at xo, then f'(ao) < 0. 


Proof. See Exercise 10.3.1. 


Remark 10.3.2. We have to assume that f is differentiable at x9; 
There exist monotone functions which are not always differentiable (see 
Exercise 10.3.2), and of course if f is not differentiable at xo we cannot 
possibly conclude that f’(ao) > 0 or f’(ao) < 0. 
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One might naively guess that if f were strictly monotone increas- 
ing, and f was differentiable at xo, then the derivative f’(ao) would be 
strictly positive instead of merely non-negative. Unfortunately, this is 
not always the case (Exercise 10.3.3). 

On the other hand, we do have a converse result: if function has 
strictly positive derivative, then it must be strictly monotone increasing: 


Proposition 10.3.3. Leta < b, and let f : [a,b] > R be a differentiable 
function. If f'(x) > 0 for all x € [a,b], then f is strictly monotone 
increasing. If f'(x) <0 for all x € [a,b], then f is strictly monotone 
decreasing. If f'(x) =0 for all x € [a,b], then f is a constant function. 


Proof. See Exercise 10.3.4. 


— Exercises — 
Exercise 10.3.1. Prove Proposition 10.3.1. 


Exercise 10.3.2. Give an example of a function f : (—1,1) — R which is con- 
tinuous and monotone increasing, but which is not differentiable at 0. Explain 
why this does not contradict Proposition 10.3.1. 


Exercise 10.3.3. Give an example of a function f : R — R which is strictly 
monotone increasing and differentiable, but whose derivative at 0 is zero. Ex- 
plain why this does not contradict Proposition 10.3.1 or Proposition 10.3.3. 
(Hint: look at Exercise 10.2.3.) 


Exercise 10.3.4. Prove Proposition 10.3.3. (Hint: you do not have integrals 
or the fundamental theorem of calculus yet, so these tools cannot be used. 
However, one can proceed via the mean-value theorem, Corollary 10.2.9.) 


Exercise 10.3.5. Give an example of a subset X C R and a function f: X —~ R 
which is differentiable on X, is such that f’(x) > 0 for all x € X, but f is not 
strictly monotone increasing. (Hint: the conditions here are subtly different 
from those in Proposition 10.3.3. What is the difference, and how can one 
exploit that difference to obtain the example?) 


10.4 Inverse functions and derivatives 


We now ask the following question: if we know that a function f : 
X — Y is differentiable, and it has an inverse f~' : Y + X, what 
can we say about the differentiability of f~!? This will be useful for 
many applications, for instance if we want to differentiate the function 


f(x) = al, 
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We begin with a preliminary result. 


Lemma 10.4.1. Let f : X > Y be an invertible function, with inverse 
f-':Y > X. Suppose that xo € X and yo € Y are such that yo = f (20) 
(which also implies that x9 = f~'(yo)). If f is differentiable at xo, and 
f—' is differentiable at yo, then 


-ly = 1 
(FY 0) = Fay 


Proof. From the chain rule (Theorem 10.1.15) we have 
(f-* © f)'(ao) = (F-")' (yo) f" (a0). 


But f-!o f is the identity function on X, and hence by Theorem 
10.1.13(b) (f~! 0 f)’(ao) = 1. The claim follows. 


As a particular corollary of Lemma 10.4.1, we see that if f is dif- 
ferentiable at xq with f’(a9) = 0, then f~! cannot be differentiable at 
yo = f(xo), since 1/f’(xo) is undefined in that case. Thus for instance, 
the function g : [0,00) > [0, 00) defined by g(y) := y'/° cannot be differ- 
entiable at 0, since this function is the inverse g = f~! of the function 
f : [0,0c0) — [0,00) defined by f(x) := 2°, and this function has a 
derivative of 0 at f~1(0) = 0. 

If one writes y = f(x), so that « = f~'(y), then one can write 
the conclusion of Lemma 10.4.1 in the more appealing form dx/dy = 
1/(dy/dx). However, as mentioned before, this way of writing things, 
while very convenient and easy to remember, can be misleading and 
cause errors if applied too carelessly (especially when one begins to work 
in the calculus of several variables). 

Lemma 10.4.1 seems to answer the question of how to differentiate 
the inverse of a function, however it has one significant drawback: the 
lemma only works if one assumes a priori that f~! is differentiable. 
Thus, if one does not already know that f~! is differentiable, one cannot 
use Lemma 10.4.1 to compute the derivative of f—!. 

However, the following improved version of Lemma 10.4.1 will com- 
pensate for this fact, by relaxing the requirement on f~! from differen- 
tiability to continuity. 


Theorem 10.4.2 (Inverse function theorem). Let f : X — Y be an 
invertible function, with inverse f-! : Y + X. Suppose that xo € X 
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and yo € Y are such that f(xo) = yo. If f is differentiable at xo, f—' is 
continuous at yo, and f'(a9) 40, then f—! is differentiable at yo and 


1 
Feo) 


(f-*)'(yo) = 
Proof. We have to show that 


f-*(y) — fo) 1 


lim ; 
y—yosyEY —{yo} Y — Yo f'(xo) 


By Proposition 9.3.9, it suffices to show that 


f7'(yn) — £7 (yo) 1 


lim — 
n—-$00 Yn — Yo f'(xo) 


for any sequence (yp,)°°, of elements in Y — {yo} which converge to yo. 

To prove this, we set tp := f~'(yn). Then (a), is a sequence of 
elements in X — {xg}. (Why? Note that f~! is a bijection) Since f~! 
is continuous by assumption, we know that x, = f~!(yn) converges to 
f-*(yo) = vo as n —> oo. Thus, since f is differentiable at 29, we have 
(by Proposition 9.3.9 again) 


f(&n) = f(®o) 


lim = f'(zo). 
N+ Oo Ln — tO 
But since zy # xo and f is a bijection, the fraction ften)— fro) is non- 


zero. Also, by hypothesis f’(xo) is non-zero. So by limit laws 


‘ In — Xo 1 
lim = 


noo f(tn)— f(to) — f’(#0) 


But since 2, = f~!(yn) and 2p = f~'(yo), we thus have 


f7'(yn) — £7 (yo) 1 


lim = 
n—-¥00 Yn — Yo f'(xo) 


as desired. 


We give some applications of the inverse function theorem in the 
exercises below. 
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— Exercises — 
Exercise 10.4.1. Let n > 1 be a natural number, and let g : (0,00) > (0,00) 
be the function g(a) := a/”. 
(a) Show that g is continuous on (0,00). (Hint: use Proposition 9.8.3.) 


uf 


(b) Show that g is differentiable on (0,00), and that g/(x) = +277! for all 
) 


i 
n 
x € (0,00). (Hint: use the inverse function theorem and (a) 


Exercise 10.4.2. Let q be a rational number, and let f : (0,co) — R be the 
function f(x) = 2%. 
(a) Show that f is differentiable on (0,00) and that f’(2) = qx?~!. (Hint: 
use Exercise 10.4.1 and the laws of differential calculus in Theorem 
10.1.13 and Theorem 10.1.15.) 


(b) Show that limz_,1;2€(0,00) zh = q for every rational number gq. (Hint: 
use part (a) and Definition 10.1.1. An alternate route is to apply 


L’H6pital’s rule from the next section.) 


Exercise 10.4.3. Let a be a real number, and let f : (0,00) + R be the function 
f(a) =a%. 
(a) Show that limy51.2¢(0,0)\(1; LO=P = a. (Hint: use Exercise 10.4.2 


and the comparison principle; you may need to consider right and left 
limits separately. Proposition 5.4.14 may also be helpful.) 


(b) Show that f is differentiable on (0,00) and that f’(x) = ax°~1. (Hint: 
use (a), exponent laws (Proposition 6.7.3), and Definition 10.1.1.) 


10.5 L’H6pital’s rule 
Finally, we present a version of a rule you are all familiar with. 


Proposition 10.5.1 (L’Hopital’s rule I). Let X be a subset of R, let 
f:X > Randg: X - R be functions, and let x9 € X be a limit 
point of X. Suppose that f(xo) = g(xo) = 0, that f and g are both 
differentiable at xo, but g'(ap) #0. Then there exists a 6 > 0 such that 
g(x) £0 for all x € (X N (ao — 6,20 + 6)) — {xo}, and 


f(z) _ f'(xo) 


a—aq3ee(XN(xo—5,00+5))—{axo} g(x) g' (xo) 


Proof. See Exercise 10.5.1. 


The presence of the 6 here may seem somewhat strange, but is needed 
because g(x) might vanish at some points other than x9, which would 
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imply that quotient Ao is not necessarily defined at all points in X — 


{xo}. 


A more sophisticated version of L’H6pital’s rule is the following. 


Proposition 10.5.2 (L’Hopital’s rule II). Let a < b be real numbers, 
let f : [a,b] > R and g: |a,b] > R be functions which are differentiable 
on [a,b]. Suppose that f(a) = g(a) = 0, that g’ is non-zero on {a,b} (4.e., 


g(x) #0 for all x € [a,0]), and limg_,a,c€(a,8) es exists and equals L. 
Then g(x) #0 for all x € (a, 8], and limg_,a:2E(a,b) ee exists and equals 
L. 


Remark 10.5.3. This proposition only considers limits to the right of 
a, but one can easily state and prove a similar proposition for limits to 
the left of a, or around both sides of a. Speaking very informally, the 
proposition states that 


Ft) yy 
za g(r) 2a g'(xr) 


’ 


though one has to ensure all of the conditions of the proposition hold (in 
particular, that f(a) = g(a) = 0, and that the right-hand limit exists), 
before one can apply L’Hopital’s rule. 


Proof. (Optional) We first show that g(x) 4 0 for all x € (a, b]. Suppose 
for sake of contradiction that g(x) = 0 for some x € (a,b]. But since 
g(a) is also zero, we can apply Rolle’s theorem to obtain g/(y) = 0 for 
some a < y < x, but this contradicts the hypothesis that g’ is non-zero 
on [a, b]. 


Now we show that lim, _,¢.2¢(a,)] ae = L. By Proposition 9.3.9, it 
will suffice to show that 
a f(&n) 23 
noo g(Ln) 


for any sequence (x,,)°°., taking values in (a, 6] which converges to x. 
Consider a single xz», and consider the function hy : [a,2n] >~ R 
defined by 


hn (%) = f(@)g(@n) — g(x) f (an). 
Observe that h, is continuous on [a,2,] and equals 0 at both a and 
Xn, and is differentiable on (a, z,) with derivative hi, (x) = f'(x)g(an) — 
g'(x)f (an). (Note that f(x,) and g(a,) are constants with respect to 
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x.) By Rolle’s theorem (Theorem 10.2.7), we can thus find y, € (a, 2;) 
such that h/, (yn) = 0, which implies that 


F(an) — f'@n) 
gtr) g’'(Yn) 


Since yp, € (a,%,) for all n, and x, converges to a as n — oo, we see 
from the squeeze test (Corollary 6.4.14) that y, also converges to a as 
n— co. Thus f ee! converges to L, and thus f ae also converges to L, 


as desired. 


— Exercises — 


Exercise 10.5.1. Prove Proposition 10.5.1. (Hint: to show that g(a) 4 0 near 
Xo, you may wish to use Newton’s approximation (Proposition 10.1.7). For the 
rest of the proposition, use limit laws, Proposition 9.3.14.) 


Exercise 10.5.2. Explain why Exercise 1.2.12 does not contradict either of the 
propositions in this section. 


Chapter 11 


The Riemann integral 


In the previous chapter we reviewed differentiation - one of the two pil- 
lars of single variable calculus. The other pillar is, of course, integration, 
which is the focus of the current chapter. More precisely, we will turn 
to the definite integral, the integral of a function on a fixed interval, as 
opposed to the indefinite integral, otherwise known as the antiderivative. 
These two are of course linked by the Fundamental theorem of calculus, 
of which more will be said later. 

For us, the study of the definite integral will start with an interval I 
which could be open, closed, or half-open, and a function f : J > R, and 
will lead us to a number f f; we can write this integral as fe f(x) dx 
(of course, we could replace x by any other dummy variable), or if J has 
endpoints a and b, we shall also write this integral as if? f or ih F(x) dz: 

To actually define this integral f- , J is somewhat delicate (especially 
if one does not want to assume any axioms concerning geometric notions 
such as area), and not all functions f are integrable. It turns out that 
there are at least two ways to define this integral: the Riemann inte- 
gral, named after Georg Riemann (1826-1866), which we will do here and 
which suffices for most applications, and the Lebesgue integral, named af- 
ter Henri Lebesgue (1875-1941), which supercedes the Riemann integral 
and works for a much larger class of functions. The Lebesgue integral 
will be constructed in Chapter 11.45. There is also the Riemann-Steiltjes 
integral J, f(x) da(x), a generalization of the Riemann integral due to 
Thomas Stieltjes (1856-1894), which we will discuss in Section 11.8. 

Our strategy in defining the Riemann integral is as follows. We begin 
by first defining a notion of integration on a very simple class of functions 
- the piecewise constant functions. These functions are quite primitive, 
but their advantage is that integration is very easy for these functions, 
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as is verifying all the usual properties. Then, we handle more general 
functions by approximating them by piecewise constant functions. 


11.1 Partitions 


Before we can introduce the concept of an integral, we need to describe 
how one can partition a large interval into smaller intervals. In this 
chapter, all intervals will be bounded intervals (as opposed to the more 
general intervals defined in Definition 9.1.1). 


Definition 11.1.1. Let X be a subset of R. We say that X is connected 
iff the following property is true: whenever x,y are elements in X such 
that « < y, the bounded interval [x,y] is a subset of X (i.e., every 
number between x and y is also in X). 


Remark 11.1.2. Later on, in Section 11.11 we will define a more general 
notion of connectedness, which applies to any metric space. 


Examples 11.1.3. The set [1, 2] is connected, because if x < y both lie 
in [1,2], then 1 < x < y < 2, and so every element between x and y also 
lies in [1,2]. A similar argument shows that the set (1,2) is connected. 
However, the set [1,2] U [3,4] is not connected (why?). The real line is 
connected (why?). The empty set, as well as singleton sets such as {3}, 
are connected, but for rather trivial reasons (these sets do not contain 
two elements x,y for which x < y). 


Lemma 11.1.4. Let X be a subset of the real line. Then the following 
two statements are logically equivalent: 


(a) X is bounded and connected. 


(b) X is a bounded interval. 


Proof. See Exercise 11.1.1. 


Remark 11.1.5. Recall that intervals are allowed to be singleton points 
(e.g., the degenerate interval [2,2] = {2}), or even the empty set. 


Corollary 11.1.6. If I and J are bounded intervals, then the intersec- 
tion IN J is also a bounded interval. 


Proof. See Exercise 11.1.2. 
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Example 11.1.7. The intersection of the bounded intervals [2, 4] and 
[4,6] is {4}, which is also a bounded interval. The intersection of (2, 4) 
and (4,6) is @. 


We now give each bounded interval a length. 


Definition 11.1.8 (Length of intervals). If J is a bounded interval, we 
define the length of I, denoted || as follows. If J is one of the intervals 
[a,b], (a,b), [a,b), or (a,b) for some real numbers a < b, then we define 
|I| := b—a. Otherwise, if J is a point or the empty set, we define |/| = 0. 


Example 11.1.9. For instance, the length of [3,5] is 2, as is the length 
of (3,5); meanwhile, the length of {5} or the empty set is 0. 


Definition 11.1.10 (Partitions). Let J be a bounded interval. A parti- 
tion of I is a finite set P of bounded intervals contained in J, such that 
every x in J lies in exactly one of the bounded intervals J in P. 


Remark 11.1.11. Note that a partition is a set of intervals, while each 
interval is itself a set of real numbers. Thus a partition is a set consisting 
of other sets. 


Examples 11.1.12. The set P = {{1}, (1,3), [3,5), {5}, (5, 8],0} of 
bounded intervals is a partition of [1,8], because all the intervals in 
P lie in [1,8], and each element of [1,8] lies in exactly one interval in P. 
Note that one could have removed the empty set from P and still obtain 
a partition. However, the set {[1,4],[3,5]} is not a partition of [1,5] 
because some elements of [1,5] are included in more than one interval in 
the set. The set {(1,3), (3,5)} is not a partition of (1,5) because some 
elements of (1,5) are not included in any interval in the set. The set 
{(0,3), [3,5)} is not a partition of (1,5) because some intervals in the 
set are not contained in (1,5). 


Now we come to a basic property about length: 


Theorem 11.1.13 (Length is finitely additive). Let I be a bounded in- 
terval, n be a natural number, and let P be a partition of I of cardinality 


n. Then 
IZ] = So |l. 
JEP 


Proof. We prove this by induction on n. More precisely, we let P(n) be 
the property that whenever J is a bounded interval, and whenever P is 
a partition of J with cardinality n, that |J| =) yep | J]. 
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The base case P(0) is trivial; the only way that J can be partitioned 
into an empty partition is if J is itself empty (why?), at which point the 
claim is easy. The case P(1) is also very easy; the only way that J can 
be partitioned into a singleton set {J} is if J = I (why?), at which point 
the claim is again very easy. 

Now suppose inductively that P(n) is true for some n > 1, and now 
we prove P(n+1). Let J be a bounded interval, and let P be a partition 
of I of cardinality n+ 1. 

If I is the empty set or a point, then all the intervals in P must 
also be either the empty set or a point (why?), and so every interval has 
length zero and the claim is trivial. Thus we will assume that J is an 
interval of the form (a,b), (a, 6], [a,b), or [a, b). 

Let us first suppose that 6 € I, i.e., I is either (a, }] or [a,b]. Since 
b € I, we know that one of the intervals K in P contains b. Since K 
is contained in J, it must therefore be of the form (c, 6], [c,b], or {b} 
for some real number c, with a < c < b (in the latter case of K = {bd}, 
we set c := b). In particular, this means that the set J — K is also an 
interval of the form [a,c], (a,c), (a,c], [a,c) when c > a, or a point or 
empty set when a = c. Either way, we easily see that 


[Z| = |K] + |Z — Ki]. 


On the other hand, since P forms a partition of J, we see that P— {Kk} 
forms a partition of [— K (why?). By the induction hypothesis, we thus 


have 
-K|= So fd. 
JEP—-{K} 


Combining these two identities (and using the laws of addition for finite 
sets, see Proposition 7.1.11) we obtain 


= dol 


JEP 


as desired. 

Now suppose that b ¢ I, i.e., I is either (a,b) or [a,b). Then one of 
the intervals K also is of the form (c, 6) or [c, b) (see Exercise 11.1.3). In 
particular, this means that the set J — K is also an interval of the form 
[a,c], (a,c), (a, c}, [a,c) when c > a, or a point or empty set when a = c. 
The rest of the argument then proceeds as above. 
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There are two more things we need to do with partitions. One is to 
say when one partition is finer than another, and the other is to talk 
about the common refinement of two partitions. 


Definition 11.1.14 (Finer and coarser partitions). Let J be a bounded 
interval, and let P and P’ be two partitions of J. We say that P’ is finer 
than P (or equivalently, that P is coarser than P’) if for every J in P’, 
there exists a K in P such that J C K. 


Example 11.1.15. The partition {[1,2), {2}, (2,3), [3, 4]} is finer than 
{[1, 2], (2,4]} (why?). Both partitions are finer than {[1,4]}, which is 
the coarsest possible partition of [1,4]. Note that there is no such thing 
as a “finest” partition of [1,4]. (Why? recall all partitions are assumed 
to be finite.) We do not compare partitions of different intervals, for 
instance if P is a partition of [1,4] and P’ is a partition of [2,5] then we 
would not say that P is coarser or finer than P’. 


Definition 11.1.16 (Common refinement). Let J be a bounded inter- 
val, and let P and P’ be two partitions of J. We define the common 
refinement P#P’ of P and P’ to be the set 


P#P’ :={kKnJ:K €Pand Je P’}. 


Example 11.1.17. Let P := {[1,3), [3,4]} and P’ := {[1,2], (2, 4]} 
be two partitions of [1,4]. Then P#P’ is the set {[1, 2], (2,3), [3,4], 0} 
(why?). 


Lemma 11.1.18. Let I be a bounded interval, and let P and P’ be two 
partitions of I. Then P#P’ is also a partition of I, and is both finer 
than P and finer than P’. 


Proof. See Exercise 11.1.4. 


— Exercises — 


Exercise 11.1.1. Prove Lemma 11.1.4. (Hint: in order to show that (a) implies 
(b) in the case when X is non-empty, consider the supremum and infimum of 
X.) 

Exercise 11.1.2. Prove Corollary 11.1.6. (Hint: use Lemma 11.1.4, and explain 


why the intersection of two bounded sets is automatically bounded, and why 
the intersection of two connected sets is automatically connected.) 


Exercise 11.1.3. Let I be a bounded interval of the form I = (a,b) or I = [a,b) 
for some real numbers a < b. Let ),...,[, be a partition of J. Prove that one 
of the intervals I; in this partition is of the form I; = (c,) or I; = [e,b) for 
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some a <c< b. (Hint: prove by contradiction. First show that if I; is not of 
the form (c, 6) or [c,b) for any a<c < b, then sup J; is strictly less than 0.) 


Exercise 11.1.4. Prove Lemma 11.1.18. 


11.2 Piecewise constant functions 


We can now describe the class of “simple” functions which we can inte- 
grate very easily. 


Definition 11.2.1 (Constant functions). Let X be a subset of R, and 
let f : X >~ R bea function. We say that f is constant iff there exists a 
real number c such that f(a) = c for all x € X. If Eis a subset of X, we 
say that f is constant on E if the restriction f|g of f to E is constant, 
in other words there exists a real number c such that f(x) = c for all 
x € E. We refer to c as the constant value of f on E. 


Remark 11.2.2. If F is a non-empty set, then a function f which is 
constant on — can have only one constant value; it is not possible for a 
function to always equal 3 on FE while simultaneously always equalling 
4. However, if F is empty, every real number c is a constant value for f 
on E (why?). 


Definition 11.2.3 (Piecewise constant functions I). Let J be a bounded 
interval, let f : J — R be a function, and let P be a partition of J. We 
say that f is piecewise constant with respect to P if for every J € P, f 
is constant on J. 


Example 11.2.4. The function f : [1,6] > R defined by 


ifil<a<3 
ifr@=3 
if3<x2<6 
ifr =6 


f(x) = 


mown 


is piecewise constant with respect to the partition {[1,3), {3}, (3,6), 
{6}} of [1,6]. Note that it is also piecewise constant with respect to 
some other partitions as well; for instance, it is piecewise constant with 
respect to the partition {[1,2), {2}, (2,3), {3}, (3,5), [5,6), {6}, 0}. 


Definition 11.2.5 (Piecewise constant functions II). Let I be a 
bounded interval, and let f : J — R be a function. We say that f 
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is piecewise constant on I if there exists a partition P of J such that f 
is piecewise constant with respect to P. 


Example 11.2.6. The function used in the previous example is piece- 
wise constant on [1,6]. Also, every constant function on a bounded 
interval I is automatically piecewise constant (why’). 


Lemma 11.2.7. Let I be a bounded interval, let P be a partition of I, 
and let f : I + R be a function which is piecewise constant with respect 
to P. Let P’ be a partition of I which is finer than P. Then f is also 
piecewise constant with respect to P’. 


Proof. See Exercise 11.2.1. 


The space of piecewise constant functions is closed under algebraic 
operations: 


Lemma 11.2.8. Let I be a bounded interval, and let f : I > R and 
g:1—7R be piecewise constant functions on I. Then the functions 
ft+g9, f—g, max(f,g) and fg are also piecewise constant functions on 
I. Here of course max(f,g) : I > R is the function max(f,g)(x) := 
max(f(x),g(x)). If g does not vanish anywhere on I (1.e., g(x) £0 for 
allx € I) then f/g is also a piecewise constant function on I. 


Proof. See Exercise 11.2.2. 


We are now ready to integrate piecewise constant functions. We be- 
gin with a temporary definition of an integral with respect to a partition. 


Definition 11.2.9 (Piecewise constant integral I). Let I be a bounded 
interval, let P be a partition of J. Let f : J — R be a function which 
is piecewise constant with respect to P. Then we define the piecewise 
constant integral p.c. Jey f of f with respect to the partition P by the 


formula 
pe fl fi= DealJl 
[P] » 


JEP 


where for each J in P, we let cy be the constant value of f on J. 


Remark 11.2.10. This definition seems like it could be ill-defined, be- 
cause if J is empty then every number c; can be the constant value of 
f on J, but fortunately in such cases |J| is zero and so the choice of 
cy is irrelevant. The notation p.c. Jip) f is rather artificial, but we shall 
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only need it temporarily, en route to a more useful definition. Note that 
since P is finite, the sum }° ;¢p ¢j|J| is always well-defined (it is never 
divergent or infinite). 


Remark 11.2.11. The piecewise constant integral corresponds intu- 
itively to one’s notion of area, given that the area of a rectangle ought 
to be the product of the lengths of the sides. (Of course, if f is negative 
somewhere, then the “area” cz|J| would also be negative.) 


Example 11.2.12. Let f : [1,4] — R be the function 


2 ifl<2¢<3 
f(t)=% 4 ife=3 
6 if3<a2<4 


and let P := {[1,3), {3}, (3,4]}. Then 


a i PS cryil.3) Pena eesalea 


=2x2+4x04+6x1 
= 10. 


Alternatively, if we let P’ := {[1, 2), [2, 3), {3}, (3, 4], 0} then 


pe. if f =crraylll,2)| + epayll2,3)1 + cgay 43} 


+ 3,41 (3; 4]| + c910) 
=2x14+2x14+4x04+6x1+c¢qx0 
= 10. 


This example suggests that this integral does not really depend on 
what partition you pick, so long as your function is piecewise constant 
with respect to that partition. That is indeed true: 


Proposition 11.2.13 (Piecewise constant integral is independent of 
partition). Let I be a bounded interval, and let f : I > R be a func- 
tion. Suppose that P and P’ are partitions of I such that f is piece- 
wise constant both with respect to P and with respect to P’. Then 


p.c. Jip) f =p.c. Jip f. 
Proof. See Exercise 11.2.3. 
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Because of this proposition, we can now make the following defini- 
tion: 


Definition 11.2.14 (Piecewise constant integral II). Let J be a bounded 
interval, and let f : J — R be a piecewise constant function on J. We 
define the piecewise constant integral p.c. [. 1 J by the formula 


pe frame fs 


where P is any partition of J with respect to which f is piecewise con- 
stant. (Note that Proposition 11.2.13 tells us that the precise choice of 
this partition is irrelevant.) 


Example 11.2.15. If f is the function given in Example 11.2.12, then 
p.c. Sia f = 10. 


We now give some basic properties of the piecewise constant integral. 
These laws will eventually be superceded by the corresponding laws for 
the Riemann integral (Theorem 11.4.1). 


Theorem 11.2.16 (Laws of integration). Let I be a bounded interval, 
and let f: 1 > R andg:I—-R be piecewise constant functions on I. 


We have p.c. [(f +9) =p.c.f, ftp fr9- 
For any real number c, we have p.c. [ (cf) = e(p.c. f, f). 
We have p.c. [(f — 9) =p-c-f, f —p-c- fy 9. 

If f(x) > 0 for all « € I, then p.c. f, f > 0. 

If f(x) > g(x) for alla € I, then p.c. f, f > pc. fg. 


If f is the constant function f(x) =c for allx in I, thenp.c. J, f = 
cll. 


(g) Let J be a bounded interval containing I (i.e., I C J), and let 
F:J—>R be the function 


__f fap feet 
Fee)i=4 f ifxé1 


Then F is piecewise constant on J, and p.c. [; F = p.c. J; f. 
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(h) Suppose that { J, K} is a partition of I into two intervals J and K. 
Then the functions f|y : J > R and fix : K > R are piecewise 
constant on J and K respectively, and we have 


pe f pape. f tly +p. ff fic 


Proof. See Exercise 11.2.4. 


This concludes our integration of piecewise constant functions. We 
now turn to the question of how to integrate bounded functions. 


— Exercises — 
Exercise 11.2.1. Prove Lemma 11.2.7. 


Exercise 11.2.2. Prove Lemma 11.2.8. (Hint: use Lemmas 11.1.18 and 11.2.7 
to make f and g piecewise constant with respect to the same partition of I.) 


Exercise 11.2.3. Prove Proposition 11.2.13. (Hint: first use Theorem 11.1.13 
to show that both integrals are equal to p.c. Jipxepn f.) 


Exercise 11.2.4. Prove Theorem 11.2.16. (Hint: you can use earlier parts of 
the theorem to prove some of the later parts of the theorem. See also the hint 
to Exercise 11.2.2.) 


11.3. Upper and lower Riemann integrals 


Now let f : J — R be a bounded function defined on a bounded interval 
I. We want to define the Riemann integral [. ,J/- To do this we first need 
to define the notion of upper and lower Riemann integrals f ,f and [ : f. 
These notions are related to the Riemann integral in much the same way 
that the lim sup and lim inf of a sequence are related to the limit of that 
sequence. 


Definition 11.3.1 (Majorization of functions). Let f : I > R and 
g:1—R. We say that g majorizes f on I if we have g(x) > f(x) for 
all x € I, and that g minorizes f on I if g(x) < f(a) for all x € I. 


The idea of the Riemann integral is to try to integrate a function 
by first majorizing or minorizing that function by a piecewise constant 
function (which we already know how to integrate). 
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Definition 11.3.2 (Upper and lower Riemann integrals). Let f: [> R 
be a bounded function defined on a bounded interval I. We define the 
upper Riemann integral [ ;/ by the formula 


i f c=int{p.c: | :gisap.c. function on I which majorizes f} 
I I 


and the lower Riemann integral i) ; f by the formula 


i f :=sup{p.c. [s :gisap.c. function on I which minorizes f}. 
Yo I 


We give a crude but useful bound on the lower and upper integral: 


Lemma 11.3.3. Let f : I > R be a function on a bounded interval I 
which is bounded by some real number M, t.e., —M < f(x) < M for all 
x él. Then we have 


_MII\ els <| i < MII. 


In particular, both the lower and upper Riemann integrals are real num- 
bers (i.e., they are not infinite). 


Proof. The function g : I + R defined by g(x) = M is constant, hence 
piecewise constant, and majorizes f; thus ff < p.c. f;g = M|J| by 
definition of the upper Riemann integral. A similar argument gives 
—M|I| < Sf. Finally, we have to show that Ga < f,f. Let g be 
any piecewise constant function majorizing f, and let h be any piece- 
wise constant function minorizing f. Then g majorizes h, and hence 


p.c. if h<p.c. iF g. Taking suprema in h, we obtain that Dy < p.c. ie g. 


Taking infima in g, we thus obtain [ ; f< (59: as desired. 


We now know that the upper Riemann integral is always at least as 
large as the lower Riemann integral. If the two integrals match, then we 
can define the Riemann integral: 


Definition 11.3.4 (Riemann integral). Let f : J + R be a bounded 
function on a bounded interval J. If [ : fey ;/, then we say that f is 
Riemann integrable on I and define 


frafr-fis 
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If the upper and lower Riemann integrals are unequal, we say that f is 
not Riemann integrable. 


Remark 11.3.5. Compare this definition to the relationship between 
the lim sup, lim inf, and limit of a sequence a, that was established in 
Proposition 6.4.12(f); the lim sup is always greater than or equal to the 
lim inf, but they are only equal when the sequence converges, and in this 
case they are both equal to the limit of the sequence. The definition given 
above may differ from the definition you may have encountered in your 
calculus courses, based on Riemann sums. However, the two definitions 
turn out to be equivalent; this is the purpose of the next section. 


Remark 11.3.6. Note that we do not consider unbounded functions to 
be Riemann integrable; an integral involving such functions is known as 
an improper integral. It is possible to still evaluate such integrals using 
more sophisticated integration methods (such as the Lebesgue integral); 
we shall do this in Chapter 11.45. 


The Riemann integral is consistent with (and supercedes) the piece- 
wise constant integral: 


Lemma 11.3.7. Let f : I > R be a piecewise constant function on a 
bounded interval I. Then f is Riemann integrable, and ‘Ff f =p.c. { f. 


Proof. See Exercise 11.3.3. 


Remark 11.3.8. Because of this lemma, we will not refer to the piece- 
wise constant integral p.c. [ 7 again, and just use the Riemann integral J I 
throughout (until this integral is itself superceded by the Lebesgue inte- 
gral in Chapter 11.45). We observe one special case of Lemma 11.3.7: if 
I is a point or the empty set, then iG f =0 for all functions f: I> R. 
(Note that all such functions are automatically constant.) 


We have just shown that every piecewise constant function is Rie- 
mann integrable. However, the Riemann integral is more general, and 
can integrate a wider class of functions; we shall see this shortly. For 
now, we connect the Riemann integral we have just defined to the con- 
cept of a Riemann sum, which you may have seen in other treatments 
of the Riemann integral. 


Definition 11.3.9 (Riemann sums). Let f : J — R be a bounded 
function on a bounded interval J, and let P be a partition of J. We 
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define the upper Riemann sum U(f,P) and the lower Riemann sum 
L(f,P) by 


and 


LYP)= Yd) (int f(@))|JI- 


JEP: J#AO 


Remark 11.3.10. The restriction J 4 0 is required because the quan- 
tities infyey f(x) and sup,<, f(x) are infinite (or negative infinite) if J 
is empty. 


We now connect these Riemann sums to the upper and lower Rie- 
mann integral. 


Lemma 11.3.11. Let f : I > R be a bounded function on a bounded in- 
terval I, and let g be a function which majorizes f and which is piecewise 
constant with respect to some partition P of I. Then 


pe. [ g>U(LP). 


Similarly, if h is a function which minorizes f and is piecewise constant 
with respect to P, then 


pec. fh < L(f,P). 


Proof. See Exercise 11.3.4. 


Proposition 11.3.12. Let f : I > R be a bounded function on a 
bounded interval I. Then 


‘| f =inf{U(f,P) : P is a partition of I} 
I 


and 


/ f =sup{L(f,P) : P is a partition of I} 
| 


Proof. See Exercise 11.3.5. 
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— Exercises — 


Exercise 11.3.1. Let f: 14 R,g: IT R, andh:I—-R be functions. Show 
that if f majorizes g and g majorizes h, then f majorizes h. Show that if f 
and g majorize each other, then they must be equal. 


Exercise 11.3.2. Let f: 134 R,g:1—-R, andh:I—R be functions. If f 
majorizes g, is it true that f+h majorizes g+h? Is it true that f-h majorizes 
g-h? Ifcis a real number, is it true that cf majorizes cg? 


Exercise 11.3.3. Prove Lemma 11.3.7. 
Exercise 11.3.4. Prove Lemma 11.3.11. 


Exercise 11.3.5. Prove Proposition 11.3.12. (Hint: you will need Lemma 
11.3.11, even though this Lemma will only do half of the job.) 


11.4 Basic properties of the Riemann integral 


Just as we did with limits, series, and derivatives, we now give the basic 
laws for manipulating the Riemann integral. These laws will eventu- 
ally be superceded by the corresponding laws for the Lebesgue integral 
(Proposition 11.48.3). 


Theorem 11.4.1 (Laws of Riemann integration). Let I be a bounded 
interval, and let f : I > Randg: I > R be Riemann integrable 
functions on I. 


(a) The function f +g is Riemann integrable, and we have [,(f +g) = 
Sr f+ Srg- 


(b) For any real number c, the function cf is Riemann integrable, and 


we have J,(cf) =c(J, f)- 


(c) The function f —g is Riemann integrable, and we have J,(f —g) = 


Srf- Sig 
(d) If f(x) >0 for alla € I, then J, f > 0. 
(e) If f(x) = g(x) for alla eI, then J, f = frg- 


(f) If f is the constant function f(x) = for all x in I, then J, f = 
cll. 
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(g) Let J be a bounded interval containing I (i.e., I C J), and let 
F:J—>R be the function 


ets Ape 
Feayi=4 f ifxéI 


Then F is Riemann integrable on J, and S,F = ie f. 


(h) Suppose that { J, K} is a partition of I into two intervals J and K. 
Then the functions f|y : J > R and fix : K > R are Riemann 
integrable on J and K respectively, and we have 


[te [ts ffl 


Proof. See Exercise 11.4.1. 


Remark 11.4.2. We often abbreviate [, f|; as [, f, even though f is 
really defined on a larger domain than just J. 


Theorem 11.4.1 asserts that the sum or difference of any two Rie- 
mann integrable functions is Riemann integrable, as is any scalar mul- 
tiple cf of a Riemann integrable function f. We now give some further 
ways to create Riemann integrable functions. 


Theorem 11.4.3 (Max and min preserve integrability). Let I be a 
bounded interval, and let f : I > Randg: I > R be a Rie- 
mann integrable function. Then the functions max(f,g) : I > R and 
min(f,g) : I > R defined by max(f,g)(x) := max(f(x),g(x)) and 
min(f,g)(x) := min(f(x),g9(x)) are also Riemann integrable. 


Proof. We shall just prove the claim for max(f,g), the case of min(f, g) 
being similar. First note that since f and g are bounded, then max(f, g) 
is also bounded. 

Let 0. Sic. [7 = of ; f, there exists a piecewise constant 
function f : J > R which minorizes f on J such that 


fz [r= 


Similarly we can find a piecewise constant g : J + R which minorizes g 


on J such that 
[oz fo-s 
I I 
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and we can find piecewise functions f, 9 which majorize f, g respectively 


on I such that 
[ts frre 
I I 


[os [ote 
I I 


In particular, if h : J > R denotes the function 


and 


h:i=(f-f)+G-9) 


[ase 
I 


On the other hand, max(f,g) is a piecewise constant function on I 


we have 


(why?) which minorizes max(f,g) (why?), while max(f,9) is similarly 
a piecewise constant function on I which majorizes max(f,g). Thus 


[mxtta [ _max({.9) 5 /, maxtf.g) < f max(F.9) 
and so 
0< /, maxif,9) — [ _max({.9) 5 [x79 ~ maxt 9) 


But we have 
and similarly 


and thus 


max(f(x),9(#)) < max(f(x), g(@)) + A(@). 


Inserting this into the previous inequality, we obtain 


0 < | maxtis) - f mxito < [rst 
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To summarize, we have shown that 
0< ) max(f, 9) -{ max(f,g) < de 
I a 


for every €. Since fe max(f,g) — di, max(f,g) does not depend on ¢, we 
thus see that 


I, max(f,g) — i: max(f,g) = 0 


and hence that max(f,g) is Riemann integrable. 


Corollary 11.4.4 (Absolute values preserve Riemann integrability). 
Let I be a bounded interval. If f : I > R is a Riemann integrable 
function, then the positive part f := max(f,0) and the negative part 
f— := min(f,0) are also Riemann integrable on I. Also, the absolute 
value |f| = f+ — f- is also Riemann integrable on I. 


Theorem 11.4.5 (Products preserve Riemann integrability). Let I be 
a bounded interval. If f: I + R andg:I— R are Riemann integrable, 
then fg: 1 > R is also Riemann integrable. 


Proof. This one is a little trickier. We split f = f,+f_ and g = gi t+g_ 
into positive and negative parts; by Corollary 11.4.4, the functions f,, 
f_, 94, g- are Riemann integrable. Since 


fo = fio¢ + iepe 7 joe + eg 


then it suffices to show that the functions fi9,,fig_, f-g1, f-g_- are 
individually Riemann integrable. We will just show this for f;g4; the 
other three are similar. 

Since f; and g, are bounded and positive, there are M,, M2 > 0 
such that 


O< fi(xz) < M and 0 < g(x) < Me 


for all x € I. Now let « > 0 be arbitrary. Then, as in the proof of 
Theorem 11.4.3, we can find a piecewise constant function f; minorizing 


f, on I, and a piecewise constant function f, majorizing f, on J, such 


that 
[hes [tite 
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flee fpe-« 


Note that f; may be negative at places, but we can fix this by replacing 
fx by max(f,,0), since this still minorizes f, (why?) and still has 
integral greater than or equal to J, f+ —€ (why?). So without loss of 
generality we may assume that f,(x) > 0 for all x € J. Similarly we 


may assume that f,(x) < My for all x € I; thus 


and 


0< file) <f(@) S$ Aa) <M 


for all x € I. 
Similar reasoning allows us to find piecewise constant g+ minorizing 
g+, and g+ majorizing g+, such that 


[us [ute 
I i 


and 
[oe [us 
I I 
and 
0 < 94(@) S 94(@) S F(a) S Mp 
for all x € I. 


Notice that f:9+4 is piecewise constant and minorizes f;9+, while 
f+G~ is piecewise constant and majorizes f,g,. Thus 


os f tio f feo < | Fete Leas 


However, we have 


fe(a)ox(x) — f(x) 9+ (x) = fr (@)(GF — 9+)(2) + 94(2) (f+ — f4(2)) 


< Mi (Gy — 9+)(@) + Mo(F+ — f+(2)) 
for all « € J, and thus 


os f tror- f fron san fior—o) +e fFr— Zo 


< My (2e) + Mo(2e). 
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Again, since € was arbitrary, we can conclude that fig; is Riemann 
integrable, as before. Similar argument show that fig_, f_g+, f_g 

are Riemann integrable; combining them we obtain that fg is Riemann 
integrable. 


— Exercises — 


Exercise 11.4.1. Prove Theorem 11.4.1. (Hint: you may find Theorem 11.2.16 
to be useful. For part (b): First do the case c > 0. Then do the case c = —1 
and c = 0 separately. Using these cases, deduce the case of c < 0. You can use 
earlier parts of the theorem to prove later ones.) 


Exercise 11.4.2. Let a < b be real numbers, and let f : [a,b] > R be a 
continuous, non-negative function (so f(a) > 0 for all x € [a,b]). Suppose 
that fi.) f = 0. Show that f(x) = 0 for all x € [a,b]. (Hint: argue by 
contradiction.) 

Exercise 11.4.3. Let I be a bounded interval, let f : J — R be a Riemann 
integrable function, and let P be a partition of J. Show that 


fr-E le 


cer"? 


Exercise 11.4.4. Without repeating all the computations in the above proofs, 
give a short explanation as to why the remaining cases of Theorem 11.4.3 
and Theorem 11.4.5 follow automatically from the cases presented in the text. 
(Hint: from Theorem 11.4.1 we know that if f is Riemann integrable, then so 


is —f.) 


11.5 Riemann integrability of continuous functions 


We have already said a lot about Riemann integrable functions so far, 
but we have not yet actually produced any such functions other than the 
piecewise constant ones. Now we rectify this by showing that a large 
class of useful functions are Riemann integrable. We begin with the 
uniformly continuous functions. 


Theorem 11.5.1. Let I be a bounded interval, and let f be a function 
which is uniformly continuous on I. Then f is Riemann integrable. 


Proof. From Proposition 9.9.15 we see that f is bounded. Now we have 
to show that tay Spay: 

If J is a point or the empty set then the theorem is trivial, so let us 
assume that J is one of the four intervals [a,b], (a,b), (a, 6], or [a,b) for 
some real numbers a < b. 
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Let ¢ > 0 be arbitrary. By uniform continuity, there exists a 6 > 0 
such that | f(a) — f(y)| < ¢ whenever x,y € I are such that |x — y| < 6. 
By the Archimedean principle, there exists an integer N > 0 such that 
(b—a)/N <0. 

Note that we can partition J into N intervals Jj,...,Jny, each of 
length (b—a)/N. (How? One has to treat each of the cases [a, b], (a,b), 
(a, 6], [a, b) slightly differently.) By Proposition 11.3.12, we thus have 


and 
so in particular 


ae < Soup FH ) = int f(e))IJel 


However, we have |f(x) — f(y)| < ¢ for all z,y € Je, since |J,| = 
(b—a)/N <0. In particular we have 


f(x) < f(y) +e for all x,y € Jr. 
Taking suprema in x, we obtain 


sup f(x) < f(y) +e for all y € Jr, 


red 


and then taking infima in y we obtain 


sup f(=):= int fy) 


Inserting this bound into our previous inequality, we obtain 


Js ad < > 
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but by Theorem 11.1.13 we thus have 


[f-[fse0-0. 


But ¢ > 0 was arbitrary, while (b—a) is fixed. Thus ‘i Pe i ie f cannot be 
positive. By Lemma 11.3.3 and the definition of Riemann aHitearabiliiny 
we thus have that f is Riemann integrable. 


Combining Theorem 11.5.1 with Theorem 9.9.16, we thus obtain 


Corollary 11.5.2. Let [a,b] be a closed interval, and let f : [a,b] > R 
be continuous. Then f is Riemann integrable. 


Note that this Corollary is not true if [a,b] is replaced by any other 
sort of interval, since it is not even guaranteed then that continuous 
functions are bounded. For instance, the function f : (0,1) + R defined 
by f(a) := 1/z is continuous but not Riemann integrable. However, 
if we assume that a function is both continuous and bounded, we can 
recover Riemann integrability: 


Proposition 11.5.3. Let I be a bounded interval, and let f : I + R be 
both continuous and bounded. Then f is Riemann integrable on I. 


Proof. If I is a point or an empty set then the claim is trivial; if J is a 
closed interval the claim follows from Corollary 11.5.2. So let us assume 
that I is of the form (a, b], (a,b), or [a,b) for some a < b. 

We have a bound M for f, so that —M < f(x) < M for all x € I. 
Now let 0 < ¢ < (b—a)/2 be a small number. The function f when 
restricted to the interval [a + ¢, b — <] is continuous, and hence Riemann 
integrable by Corollary 11.5.2. In particular, we can find a piecewise 
constant function h : [a+e¢,b—e] > R which majorizes f on |a+e, b—¢] 


such that 
i h< iy fee 
[a+e,b—e] [a+e,b—e] 


Define h : I + R by 


Meet ay fe €[ate,b—<] 


M ifxe I\la+e,b-e] 
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Clearly h is piecewise constant on I and majorizes f; by Theorem 11.2.16 
we have 


pi-ems [ h+em < | f+(2M +e. 
I [a+e,b—e] [a+e,b—e] 


In particular we have 


ls : — eye 


A similar argument gives 


fs i f—(2M + le 


[ fof fs try. 


But ¢ is arbitrary, and so we can argue as in the proof of Theorem 11.5.1 
to conclude Riemann integrability. 


and hence 


This gives a large class of Riemann integrable functions already; the 
bounded continuous functions. But we can expand this class a little 
more, to include the bounded piecewise continuous functions. 


Definition 11.5.4. Let J be a bounded interval, and let f : J > R. 
We say that f is piecewise continuous on I iff there exists a partition P 
of I such that f|,7 is continuous on J for all J € P. 


Example 11.5.5. The function f : [1,3] > R defined by 


oe tise 2 
Baga’ i i ee2 
ew if2<r<3 


is not continuous on [1,3], but it is piecewise continuous on [1,3] (since 
it is continuous when restricted to [1,2) or {2} or (2, 3], and those three 
intervals partition [1,3]). 


Proposition 11.5.6. Let I be a bounded interval, and let f : I > R be 
both piecewise continuous and bounded. Then f is Riemann integrable. 


Proof. See Exercise 11.5.1. 
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— Exercises — 
Exercise 11.5.1. Prove Proposition 11.5.6. (Hint: use Theorem 11.4.1(a) and 


(h).) 


11.6 Riemann integrability of monotone functions 


In addition to piecewise continuous functions, another wide class of func- 
tions is Riemann integrable, namely the monotone functions. We give 
two instances of this: 


Proposition 11.6.1. Let [a,b] be a closed and bounded interval and let 
f : [a,b] + R be a monotone function. Then f is Riemann integrable 
on |a, b]. 


Remark 11.6.2. From Exercise 9.8.5 we know that there exist mono- 
tone functions which are not piecewise continuous, so this proposition is 
not subsumed by Proposition 11.5.6. 


Proof. Without loss of generality we may take f to be monotone increas- 
ing (instead of monotone decreasing). From Exercise 9.8.1 we know that 
f is bounded. Now let N > 0 be an integer, and partition [a,b] into N 
half-open intervals {[a+ be 4, a+ bj +1)):0<7< N—-1} of length 
(b—a)/N, together with the point {6}. Then by Proposition 11.3.12 we 
have 


— b-—a 
cs, sup f(z) 
/ To 5=0 \wela+*y2j0+ x4 G+) N 


(the point {b} clearly giving only a zero contribution). Since f is mono- 
tone increasing, we thus have 
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Using telescoping series (Lemma 7.2.15) we thus have 


But N was arbitrary, so we can conclude as in the proof of Theorem 
11.5.1 that f is Riemann integrable. 


Corollary 11.6.3. Let I be a bounded interval, and let f : I + R be 
both monotone and bounded. Then f is Riemann integrable on I. 


Proof. See Exercise 11.6.1. 


We now give the famous integral test for determining convergence of 
monotone decreasing series. 


Proposition 11.6.4 (Integral test). Let f : [0,0o) > R be a monotone 
decreasing function which is non-negative (i.e., f(x) > 0 for all x > 0). 
Then the sum S°P°_, f(n) is convergent if and only if supyso So Nj f is 
finite. 


Proof. See Exercise 11.6.3. 


Corollary 11.6.5. Let p be a real number. Then Y~>~~ 
absolutely when p > 1 and diverges when p < 1. 


roy op converges 


Proof. See Exercise 11.6.5. 


— Exercises — 


Exercise 11.6.1. Use Proposition 11.6.1 to prove Corollary 11.6.3. (Hint: adapt 
the proof of Proposition 11.5.3.) 


Exercise 11.6.2. Formulate a reasonable notion of a piecewise monotone func- 
tion, and then show that all bounded piecewise monotone functions are Rie- 
mann integrable. 


Exercise 11.6.3. Prove Proposition 11.6.4. (Hint: what is the relationship 
between the sum Sane f(n), the sum ee f(n), and the integral Sio.47] f?) 
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Exercise 11.6.4. Give examples to show that both directions of the integral test 
break down if f is not assumed to be monotone decreasing. 


Exercise 11.6.5. Use Proposition 11.6.4 to prove Corollary 11.6.5. 


11.7 A non-Riemann integrable function 


We have shown that there are large classes of bounded functions which 
are Riemann integrable. Unfortunately, there do exist bounded func- 
tions which are not Riemann integrable: 


Proposition 11.7.1. Let f : [0,1] > R be the discontinuous function 


fil ifxeEQ 
He) = 4 4 ifx ¢Q 


considered in Example 9.3.21. Then f is bounded but not Riemann 
integrable. 


Proof. It is clear that f is bounded, so let us show that it is not Riemann 
integrable. 

Let P be any partition of [0,1]. For any J € P, observe that if J is 
not a point or the empty set, then 


(by Proposition 5.4.14). In particular we have 


(sup fe) 141 = Uh 


(Note this is also true when J is a point, since both sides are zero.) In 
particular we see that 


UFP)= SY) | =([0,Ul=1 


JEP: J#0 


by Theorem 11.1.13; note that the empty set does not contribute any- 
thing to the total length. In particular we have [ (0,1] f =1, by Proposi- 
tion 11.3.12. 

A similar argument gives that 


Ue i es 
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for all J (other than points or the empty set), and so 


LEP) = So 0S. 


JEP: J#AO 


In particular we have ie yf = 0, by Proposition 11.3.12. Thus the 
upper and lower Riemann integrals do not match, and so this function 


is not Riemann integrable. 


Remark 11.7.2. As you can see, it is only rather “artificial” bounded 
functions which are not Riemann integrable. Because of this, the Rie- 
mann integral is good enough for a large majority of cases. There are 
ways to generalize or improve this integral, though. One of these is the 
Lebesgue integral, which we will define in Chapter 11.45. Another is 
the Riemann-Stieltjes integral iF fda, where a: I — R is a monotone 
increasing function, which we define in the next section. 


11.8 The Riemann-Stieltjes integral 


Let I be a bounded interval, let a : J — R be a monotone increasing 
function, and let f : J — R bea function. Then there is a generalization 
of the Riemann integral, known as the Riemann-Stieltjes integral. This 
integral is defined just like the Riemann integral, but with one twist: 
instead of taking the length |J| of intervals J, we take the a-length 
a[J], defined as follows. If J is a point or the empty set, then a[.J] := 0. 
If J is an interval of the form [a, }], (a,b), (a, 6], or [a,b), then a[J] := 
a(b)—a(a). Note that in the special case where a is the identity function 
a(x) := x, then al[J] is just the same as |J|. However, for more general 
monotone functions a, the a-length a[J] is a different quantity from |J]. 
Nevertheless, it turns out one can still do much of the above theory, but 
replacing |J| by a[J] throughout. 


Definition 11.8.1 (a-length). Let J be a bounded interval, and let 
a: X — R be a function defined on some domain X which contains J. 
Then we define the a-length aI] of I as follows. If J is a point or the 
empty set, we set a[J] = 0. If J is an interval of the form |a, bj, [a, d), 
(a, b], or (a,b) for some b > a, then we set a[I] = a(b) — a(a). 


Example 11.8.2. Let a: R > R be the function a(#) := 27. Then 
a[[2, 3]] = a(3) — a(2) = 9 —4=5, while a[(—3, —2)] = —5. Meanwhile 
a[{2}] = 0 and af] = 0. 
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Example 11.8.3. Let a: R > R be the identity function a(x) := a. 
Then a[/] = |Z| for all bounded intervals J (why?) Thus the notion of 
length is a special case of the notion of a-length. 


We sometimes write al? or a(x) |2=° instead of alfa, b]]. 

One of the key theorems for the theory of the Riemann integral 
was Theorem 11.1.13, which concerned length and partitions, and in 
particular showed that |I| =}? ;¢p |J| whenever P was a partition of J. 
We now generalize this slightly. 


Lemma 11.8.4. Let I be a bounded interval, let a: X — R be a 
function defined on some domain X which contains I, and let P be a 
partition of I. Then we have 


all] = S~ of J]. 


JEP 


Proof. See Exercise 11.8.1. 


We can now define a generalization of Definition 11.2.9. 


Definition 11.8.5 (P.c. Riemann-Stieltjes integral). Let I be a 
bounded interval, and let P be a partition of J. Leta: X >~ Rbea 
function defined on some domain X which contains J, and let f: [3 R 
be a function which is piecewise constant with respect to P. Then we 


define 
pe. [ fas= 3 cal J] 
[P] 


JEP 


where c, is the constant value of f on J. 
Example 11.8.6. Let f : [1,3] — R be the function 


_ Jj 4 when z € [1,2) 
f(z) = { 2 when x é [2,3], 


let a: R + R be the function a(x) := x7, and let P be the partition 
P= {(1, 2); (273). Then. 


oe | f da = ey syal[1,2)] + cn, gell2, 3I 
[P] 


= 4(a(2) — a(1)) + 2(a(3) — a(2)) =4x 3425 =22. 
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Example 11.8.7. Let a: R > R be the identity function a(x) := a. 
Then for any bounded interval J, any partition P of J, and any function 
f that is piecewise constant with respect to P, we have p.c. Jip) f da= 


p.c: Jip) f (why?). 


We can obtain an exact analogue of Proposition 11.2.13 by replacing 
all the integrals p.c. Jip) f in the proposition with p.c. Jip) f da (Exer- 
cise 11.8.2). We can thus define p.c. [ ,J/ da for any piecewise constant 
function f : J > Rand any a: X > R defined on a domain containing 
I, in analogy to before, by the formula 


pe ff da := pe. [ f da 
I [P] 


for any partition P on J with respect to which f is piecewise constant. 
Up until now, our function a : R > R could have been arbitrary. 
Let us now assume that a is monotone increasing, i.e., a(y) > a(x) 
whenever x,y € X are such that y > x. This implies that a(I) > 0 
for all intervals in X (why?). From this one can easily verify that all 
the results from Theorem 11.2.16 continue to hold when the integrals 
p.c. iF f are replaced by p.c. if f da, and the lengths || are replaced by 
the a-lengths a(I); see Exercise 11.8.3. 
__ We can then define upper and lower Riemann-Stieltjes integrals 
J jf da and Mi ; f da whenever f : J > R is bounded and a is defined on 


a domain containing J, by the usual formulae 


/ f da := inf{p.c. | da: gis p.c. on I and majorizes f} 
I I 


and 
/ f da := sup{p.c. | da: g is p.c. on I and minorizes f}. 
JT I 


We then say that f is Riemann-Stieltjes integrable on I with respect to a 
if the upper and lower Riemann-Stieltjes integrals match, in which case 


we set ae 
[aus f pao= f Fao. 


As before, when a is the identity function a(x) := «x then the 
Riemann-Stieltjes integral is identical to the Riemann integral; thus the 
Riemann-Stieltjes integral is a generalization of the Riemann integral. 
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(We shall see another comparison between the two integrals a little later, 
in Corollary 11.10.3.) Because of this, we sometimes write [- , Jf as f yf dx 
or fe Fta)-de: 

Most (but not all) of the remaining theory of the Riemann integral 
then can be carried over without difficulty, replacing Riemann integrals 
with Riemann-Stieltjes integrals and lengths with a-lengths. There are a 
couple results which break down; Theorem 11.4.1(g), Proposition 11.5.3, 
and Proposition 11.5.6 are not necessarily true when a is discontinuous 
at key places (e.g., if f and a are both discontinuous at the same point, 
then f, ,J/ da is unlikely to be defined. However, Theorem 11.5.1 is still 
true (Exercise 11.8.4). 


— Exercises — 
Exercise 11.8.1. Prove Lemma 11.8.4. (Hint: modify the proof of Theorem 
11.1.13.) 
Exercise 11.8.2. State and prove a version of Proposition 11.2.13 for the 
Riemann-Stieltjes integral. 
Exercise 11.8.3. State and prove a version of Theorem 11.2.16 for the Riemann- 
Stieltjes integral. 
Exercise 11.8.4. State and prove a version of Theorem 11.5.1 for the Riemann- 
Stieltjes integral. (Hint: one has to be careful with the proof; the problem here 
is that some of the references to the length of |.J;,| should remain unchanged, 
and other references to the length of |J,| should be changed to the a-length 
a(J,) - basically, all of the occurrences of |J,| which appear inside a summation 
should be replaced with a(J;,), but the rest should be unchanged.) 
Exercise 11.8.5. Let sgn: R > R be the signum function 


1 when x > 0 
sgn(xz) := ¢ 0 when « = 0 
—1 when z <0. 


Let f : [-1,1] — R be a continuous function. Show that f is Riemann-Stieltjes 
integrable with respect to sgn, and that 


A f dsgn = 2f(0). 
[-1,1] 


(Hint: for every ¢ > 0, find piecewise constant functions majorizing and mi- 
norizing f whose Riemann-Stieltjes integral is e-close to 2f(0).) 


11.9 The two fundamental theorems of calculus 


We now have enough machinery to connect integration and differentia- 
tion via the familiar fundamental theorem of calculus. Actually, there 
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are two such theorems, one involving the derivative of the integral, and 
the other involving the integral of the derivative. 


Theorem 11.9.1 (First Fundamental Theorem of Calculus). Let a < b 
be real numbers, and let f : [a,b] > R be a Riemann integrable function. 
Let F: [a,b] > R be the function 


Ep s= cf 


[2,2] 


Then F is continuous. Furthermore, if xo € [a,b] and f is continuous 
at xo, then F is differentiable at xp, and F’(xo) = f (xo). 


Proof. Since f is Riemann integrable, it is bounded (by Definition 
11.3.4). Thus we have some real number M such that —M < f(x) < M 
for all x € |a, bj. 

Now let x < y be two elements of [a,b]. Then notice that 


ROEI@ Satie! 
[a,y] [a,a] [x,y] 


by Theorem 11.4.1(h). By Theorem 11.4.1(e) we thus have 


if pee M = p.c. M=M(y-2z) 
[x,y] [x,y] [x,y] 


a eal -M=pe. [ M =-M(y-2z) 
[x,y] [x,y] [x,y] 


and thus 
IF(y) — F(x)| < M(y — 2). 


and 


This is for y > x. By interchanging x and y we thus see that 
IF(y) — F(x)| < M(z-y) 


when x > y. Also, we have F(y) — F(x) = 0 when x = y. Thus in all 
three cases we have 


Pig) EG) SM ley). 


Now let x € [a,b], and let (a,)°2, be any sequence in [a, b] converging 
to x. Then we have 


—M|z, —2| < F(a) — F(x) < M|z, - 2 
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for each n. But —M|z,,—2| and M|z,,—x| both converge to 0 as n > ov, 
so by the squeeze test F'(x,) — F(a) converges to 0 as n > oo, and thus 
limn—+oo F(tn) = F(x). Since this is true for all sequences x, € [a, 5] 
converging to x, we thus see that F' is continuous at x. Since x was an 
arbitrary element of [a,b], we thus see that F’ is continuous. 

Now suppose that 29 € [a,b], and f is continuous at 29. Choose any 
€ > 0. Then by continuity, we can find a 6 > 0 such that | f(a)— f(xo)| < 
€ for all x in the interval I := [ap — 6, x9 + 6] 9 [a,b], or in other words 


f(xo) —e < f(x) < f(xo) + for all x € I. 


We now show that 


lF(y) — F(ao) — f(@0)( — @o)| S ely — xo 


for all y € I, since Proposition 10.1.7 will then imply that F' is differen- 
tiable at xo with derivative F’(a9) = f(x) as desired. 

Now fix y € I. There are three cases. If y = xo, then F'(y) — F (xo) — 
f(xo)(y — xo) = 0 and so the claim is obvious. If y > xo, then 


F(y) — F(#0) = il f. 


[x09] 


Since zo,y € J, and I is a connected set, then [9, y] is a subset of J, 
and thus we have 


f(zo) —e = f(a) S flzo) + for all x € [x,y], 
and thus 


(f(a0) — €)(y — 20) < / f < (F(to) +e)(y— 20) 


[z0,y] 


and so in particular 


Fy) — F(ao) — f(#0)(y — vo)| S ely — xo 


as desired. The case y < XQ is similar and is left to the reader. 


Example 11.9.2. Recall in Exercise 9.8.5 that we constructed a mono- 
tone function f : R — R which was discontinuous at every rational 
and continuous everywhere else. By Proposition 11.6.1, this monotone 
function is Riemann integrable on [0,1]. If we define F’: [0,1] — R by 
Bias Jio,2) f, then F is a continuous function which is differentiable 
at every irrational number. On the other hand, F' is non-differentiable 
at every rational number; see Exercise 11.9.1. 
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Informally, the first fundamental theorem of calculus asserts that 


( ie ‘) (x) = f(z) 


given a certain number of assumptions on f. Roughly, this means that 
the derivative of an integral recovers the original function. Now we 
show the reverse, that the integral of a derivative recovers the original 
function. 


Definition 11.9.3 (Antiderivatives). Let J be a bounded interval, and 
let f : J > R be a function. We say that a function F': J > R is an 
antiderivative of f if F is differentiable on J and F’(x) = f(a) for all 
es 


Theorem 11.9.4 (Second Fundamental Theorem of Calculus). Let 
a < b be real numbers, and let f : [a,b] > R be a Riemann integrable 
function. If F : [a,b] > R is an antiderivative of f, then 


f = F(b) — F(a). 


[a,b] 


Proof. We will use Riemann sums. The idea is to show that 


for every partition P of [a,b]. The left inequality asserts that F'(b)— F(a) 
is a lower bound for {U(f, P) : P is a partition of [a, b]}, while the right 
inequality asserts that F'(b) — F(a) is an upper bound for {L(f,P):P 
is a partition of [a,b]}. But by Proposition 11.3.12, this means that 


f 2 F(b)— Fla) 2 fh, 
[a,)] Y [a,b] 
but since f is assumed to be Riemann integrable, both the upper and 
lower Riemann integral equal Sia.s f. The claim follows. 

We have to show the bound U(f,P) > F(b) — F(a) > L(f,P). We 
shall just show the first inequality U(f,P) > F(b) — F(a); the other 
inequality is similar. 

Let P be a partition of [a,b]. From Lemma 11.8.4 we have 


F)-Fa@)=)/FUJ= >) FU, 


JEP JEP: IAQ 
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while from definition we have 


U(f,P)= >. sup f(2)|JI. 


JeP: 540 7! 


Thus it will suffice to show that 


F(J] < sup f(x)|J| 
cet 


for all J € P (other than the empty set). 

When J is a point then the claim is clear, since both sides are zero. 
Now suppose that J = [c,d], (c,d],[c,d), or (c,d) for some c < d. Then 
the left-hand side is F'|J] = F(d) — F(c). By the mean-value theorem, 
this is equal to (d — c)F’(e) for some e € J. But since F’(e) = f(e), we 
thus have 


FlJ] = (d—e)f(e) = fle) SUD SAE) 


as desired. 


Of course, as you are all aware, one can use the second fundamental 
theorem of calculus to compute integrals relatively easily provided that 
you can find an anti-derivative of the integrand f. Note that the first 
fundamental theorem of calculus ensures that every continuous Riemann 
integrable function has an anti-derivative. For discontinuous functions, 
the situation is more complicated, and is a graduate-level real analysis 
topic which will not be discussed here. Also, not every function with 
an anti-derivative is Riemann integrable; as an example, consider the 
function F : [-1,1] + R defined by F(x) := x? sin(1/x?) when x 4 0, 
and F(0) := 0. Then F is differentiable everywhere (why?), so F’ has 
an antiderivative, but F”’ is unbounded (why?), and so is not Riemann 
integrable. 

We now pause to mention the infamous “+C” ambiguity in anti- 
derivatives: 


Lemma 11.9.5. Let I be a bounded interval, and let f : I + R be a 
function. Let F: I + R andG: I —-> R be two antiderivatives of f. 
Then there exists a real number C such that F(x) = G(x) +C for all 
cel. 


Proof. See Exercise 11.9.2. 
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— Exercises — 


Exercise 11.9.1. Let f : [0,1] + R be the function in Exercise 9.8.5. Show that 
for every rational number g € QN [0,1], the function F': [0,1] + R defined by 
the formula F(x) := f> f(y) dy is not differentiable at q. 

Exercise 11.9.2. Prove Lemma 11.9.5. (Hint: apply the mean-value theorem, 
Corollary 10.2.9, to the function F'— G. One can also prove this lemma using 
the second Fundamental theorem of calculus (how?), but one has to be careful 
since we do not assume f to be Riemann integrable.) 

Exercise 11.9.3. Let a < b be real numbers, and let f : [a,b] ~ R bea 
monotone increasing function. Let F' : [a,b] + R be the function F(a) := 
ee f. Let xo be an element of [a,b]. Show that F is differentiable at x if 
and only if f is continuous at v9. (Hint: one direction is taken care of by one 
of the fundamental theorems of calculus. For the other, consider left and right 
limits of f and argue by contradiction.) 


11.10 Consequences of the fundamental theorems 


We can now give a number of useful consequences of the fundamental 
theorems of calculus (beyond the obvious application, that one can now 
compute any integral for which an anti-derivative is known). The first 
application is the familiar integration by parts formula. 


Proposition 11.10.1 (Integration by parts formula). Let I = {a, d], 
and let F : [a,b] > R and G: [a,b] > R be differentiable functions on 
[a, b] such that F” and G’ are Riemann integrable on I. Then we have 


FG! = F(b)G(b) - F(a)G(a) - | FG. 
[a,b] [a,b] 


Proof. See Exercise 11.10.1. 


Next, we show that under certain circumstances, one can write a 
Riemann-Stieltjes integral as a Riemann integral. We begin with piece- 
wise constant functions. 


Theorem 11.10.2. Let a: [a,b] > R be a monotone increasing func- 
tion, and suppose that a is also differentiable on [a,b], with a! being 
Riemann integrable. Let f : [a,b] + R be a piecewise constant function 
on [a,b]. Then fa’ is Riemann integrable on [a,b], and 


f da = fa’. 
[a,b] [a,b] 
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Proof. Since f is piecewise constant, it is Riemann integrable, and since 
a’ is also Riemann integrable, then fa’ is Riemann integrable by Theo- 
rem 11.4.5. 

Suppose that f is piecewise constant with respect to some partition 
P of [a,b]; without loss of generality we may assume that P does not 
contain the empty set. Then we have 


2 da =e fis da = S> cyalJ] 


[a,b JEP 


where cy is the constant value of f on J. On the other hand, from 
Theorem 11.2.16(h) (generalized to partitions of arbitrary length - why 
is this generalization true?) we have 


flo] fe = fad a a 
[2,0] Jep?J Jep?/ JEP J 


But by the second fundamental theorem of calculus (Theorem 11.9.4), 
J, =al[J], and the claim follows. 


Corollary 11.10.3. Let a: [a,b] + R be a monotone increasing func- 
tion, and suppose that a is also differentiable on [a,b], with a! being 
Riemann integrable. Let f : [a,b] + R be a function which is Riemann- 
Stieltjes integrable with respect to a on [a,b]. Then fa’ is Riemann 
integrable on [a,b], and 


f da= fa’. 
[a,b] [a,b] 


Proof. Note that since f and a’ are bounded, then fa’ must also be 
bounded. Also, since a@ is monotone increasing and differentable, a’ is 
non-negative. 

Let ¢ > 0. Then, we can find a piecewise constant function f ma- 
jorizing f on [a,b], and a piecewise constant function f minorizing f on 
(a, b], such that 


/ fda-es | fdas f Fia< | f date. 
[a,D] [a,b] [a,b] [a,b] 


Applying Theorem 11.10.2, we obtain 


fda-e< fal < races f date. 
[a,b] [a,b] [a,] [a,b] 
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Since a’ is non-negative and f minorizes f, then fa’ minorizes fa’. 


Thus Jia t® < Jaa t® (why?). Thus 


fda-ex< / fa’. 
[a,b] Y [a,b] 


Similarly we have 


fai< f date. 
[a,b] [a,b] 


Since these statements are true for any ¢ > 0, we must have 


fda< fa< fal< f da 
[a,b] canes) [a,b] [a,b] 


and the claim follows. 


Remark 11.10.4. Informally, Corollary 11.10.3 asserts that f da is 
essentially equivalent to f 40. der, when aq is differentiable. However, the 
advantage of the Riemann-Stieltjes integral is that it still makes sense 
even when a is not differentiable. 


We now build up to the familiar change of variables formula. We 
first need a preliminary lemma. 


Lemma 11.10.5 (Change of variables formula I). Let [a,b] be a closed 
interval, and let @ : [a,b] > [d(a), d(b)] be a continuous monotone in- 
creasing function. Let f : [¢(a), o(b)| > R be a piecewise constant func- 
tion on [b(a), o(b)|. Then fod: [a,b] > R is also piecewise constant 


on [a,b], and 
foods= fg 
[2,6] [d(a),o(6)] 


Proof. We give a sketch of the proof, leaving the gaps to be filled in 
Exercise 11.10.2. Let P be a partition of [d(a),o(b)] such that f is 
piecewise constant with respect to P; we may assume that P does not 
contain the empty set. For each J € P, let cy be the constant value of 


f on J, thus 
f=) call. 
eae 2 


JEP 
For each interval J, let 6 1(J) be the set -!(J) := {x € [a,b] : d(x) € 
J}. Then ¢~!(J) is connected (why?), and is thus an interval. Further- 
more, cy is the constant value of fo ¢ on ¢ !(J) (why?). Thus, if we 
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define Q := {¢7!(J) : J € P} (ignoring the fact that Q has been used 
to represent the rational numbers), then Q partitions [a,b] (why?), and 
fo ¢ is piecewise constant with respect to Q (why?). Thus 


foodg= | foedd= > esdlo')] 


[a,b] JEP 


But ¢[¢-1(J)] = |J| (why?), and the claim follows. 


Proposition 11.10.6 (Change of variables formula II). Let [a,b] be a 
closed interval, and let ¢ : [a,b] + [¢(a), 6(b)] be a continuous monotone 
increasing function. Let f : [b(a),o(b)| > R be a Riemann integrable 
function on [¢(a),o(b)]. Then fod: [a,b] > R is Riemann-Stieltjes 
integrable with respect to @ on [a,b], and 


foo de= | I 
[a,b] [¢(a),(8)] 


Proof. This will be obtained from Lemma 11.10.5 in a similar manner 
to how Corollary 11.10.3 was obtained from Theorem 11.10.2. First 
observe that since f is Riemann integrable, it is bounded, and then fod 
must also be bounded (why?). 

Let ¢ > 0. Then, we can find a piecewise constant function f ma- 
jorizing f on [d(a), o(b)], and a piecewise constant function f minorizing 
f on [¢(a), d(b)], such that 7 


i. foes | pe): Te) fte. 
[o(a),6(6)] [o(2),6(6)] [o(a),6(d)] [o(a),(6)] 


Applying Lemma 11.10.5, we obtain 


| foes | foods | Food | fte. 
[¢(a),¢(b)] [a,b] [a,b] [¢(a),(b)] 


Since f o ¢ is piecewise constant and minorizes f o ¢, we have 


? 


i, pees). Feeas 


Oj / a,b] 


while similarly we have 


Foode> | foddg. 


[a,b] [a,b] 
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Thus 


| pee foods | foodss | Feet 
[¢(a),(b)] ¥ [a,b] [a,b] [d(a),(8)] 


Since € > 0 was arbitrary, this implies that 


: ref foods | foods | I 
[¢(a),(0)] ¥ fa,d] [a,b] [¢(a),(b)] 


and the claim follows. 


’ 


Combining this formula with Corollary 11.10.3, one immediately ob- 
tains the following familiar formula: 


Proposition 11.10.7 (Change of variables formula III). Let [a,b] be 
a closed interval, and let @ : [a,b] + [d(a),¢(b)] be a differentiable 
monotone increasing function such that ¢' is Riemann integrable. Let 
f : [¢(a), o(b)] > R be a Riemann integrable function on [(a), o(b)]. 
Then (fo ¢)¢' : [a,b] > R is Riemann integrable on [a,b], and 


fod) = f 
fh ae 


— Exercises — 


Exercise 11.10.1. Prove Proposition 11.10.1. (Hint: first use Corollary 11.5.2 
and Theorem 11.4.5 to show that FG’ and F’G are Riemann integrable. Then 
use the product rule (Theorem 10.1.13(d)).) 


Exercise 11.10.2. Fillin the gaps marked (why?) in the proof of Lemma 11.10.5. 


Exercise 11.10.3. Let a < 6 be real numbers, and let f : [a,b] ~ R bea 
Riemann integrable function. Let g : [—b,—a] > R be defined by g(x) := 
f(—2x). Show that g is also Riemann integrable, and Wein g= Sia.b) f. 


Exercise 11.10.4. What is the analogue of Proposition 11.10.7 when ¢ is mono- 
tone decreasing instead of monotone increasing? (When ¢ is neither monotone 
increasing or monotone decreasing, the situation becomes significantly more 
complicated.) 


Chapter A 


Appendix: the basics of mathematical logic 


The purpose of this appendix is to give a quick introduction to mathe- 
matical logic, which is the language one uses to conduct rigorous math- 
ematical proofs. Knowing how mathematical logic works is also very 
helpful for understanding the mathematical way of thinking, which once 
mastered allows you to approach mathematical concepts and problems 
in a clear and confident way - including many of the proof-type questions 
in this text. 

Writing logically is a very useful skill. It is somewhat related to, 
but not the same as, writing clearly, or efficiently, or convincingly, or 
informatively; ideally one would want to do all of these at once, but 
sometimes one has to make compromises, though with practice you'll 
be able to achieve more of your writing objectives concurrently. Thus a 
logical argument may sometimes look unwieldy, excessively complicated, 
or otherwise appear unconvincing. The big advantage of writing logi- 
cally, however, is that one can be absolutely sure that your conclusion 
will be correct, as long as all your hypotheses were correct and your 
steps were logical; using other styles of writing one can be reasonably 
convinced that something is true, but there is a difference between being 
convinced and being sure. 

Being logical is not the only desirable trait in writing, and in fact 
sometimes it gets in the way; mathematicians for instance often resort 
to short informal arguments which are not logically rigorous when they 
want to convince other mathematicians of a statement without going 
through all of the long details, and the same is true of course for non- 
mathematicians as well. So saying that a statement or argument is “not 
logical” is not necessarily a bad thing; there are often many situations 
when one has good reasons not to be emphatic about being logical. How- 
ever, one should be aware of the distinction between logical reasoning 
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and more informal means of argument, and not try to pass off an illogi- 
cal argument as being logically rigorous. In particular, if an exercise is 
asking for a proof, then it is expecting you to be logical in your answer. 

Logic is a skill that needs to be learnt like any other, but this skill 
is also innate to all of you - indeed, you probably use the laws of logic 
unconsciously in your everyday speech and in your own internal (non- 
mathematical) reasoning. However, it does take a bit of training and 
practice to recognize this innate skill and to apply it to abstract situa- 
tions such as those encountered in mathematical proofs. Because logic 
is innate, the laws of logic that you learn should make sense - if you find 
yourself having to memorize one of the principles or laws of logic here, 
without feeling a mental “click” or comprehending why that law should 
work, then you will probably not be able to use that law of logic correctly 
and effectively in practice. So, please don’t study this appendix the way 
you might cram before a final - that is going to be useless. Instead, put 
away your highlighter pen, and read and understand this appendix 
rather than merely studying it! 


A.1 Mathematical statements 


Any mathematical argument proceeds in a sequence of mathematical 
statements. These are precise statements concerning various mathemat- 
ical objects (numbers, vectors, functions, etc.) and relations between 
them (addition, equality, differentiation, etc.). These objects can either 
be constants or variables; more on this later. Statements! are either 
true or false. 


Example A.1.1. 2+ 2 = 4 is a true statement; 2+ 2 = 5 is a false 
statement. 


Not every combination of mathematical symbols is a statement. For 
instance, 
=2+44=-=2 


is not a statement; we sometimes call it ill-formed or ill-defined. The 
statements in the previous example are well-formed or well-defined. 
Thus well-formed statements can be either true or false; ill-formed state- 
ments are considered to be neither true nor false (in fact, they are usu- 
ally not considered statements at all). A more subtle example of an 


‘More precisely, statements with no free variables are either true or false. We shall 
discuss free variables later on in this appendix. 
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ill-formed statement is 
0/0 = 1; 


division by zero is undefined, and so the above statement is ill-formed. 
A logical argument should not contain any ill-formed statements, thus 
for instance if an argument uses a statement such as x/y = z, it needs to 
first ensure that y is not equal to zero. Many purported proofs of “O=1” 
or other false statements rely on overlooking this “statements must be 
well-formed” criterion. 

Many of you have probably written ill-formed or otherwise inaccurate 
statements in your mathematical work, while intending to mean some 
other, well-formed and accurate statement. To a certain extent this is 
permissible - it is similar to misspelling some words in a sentence, or 
using a slightly inaccurate or ungrammatical word in place of a correct 
one (“She ran good” instead of “She ran well”). In many cases, the 
reader (or grader) can detect this mis-step and correct for it. However, 
it looks unprofessional and suggests that you may not know what you 
are talking about. And if indeed you actually do not know what you are 
talking about, and are applying mathematical or logical rules blindly, 
then writing an ill-formed statement can quickly confuse you into writing 
more and more nonsense - usually of the sort which receives no credit in 
grading. So it is important, especially when just learning a subject, to 
take care in keeping statements well-formed and precise. Once you have 
more skill and confidence, of course you can afford once again to speak 
loosely, because you will know what you are doing and won’t be in as 
much danger of veering off into nonsense. 

One of the basic axioms of mathematical logic is that every well- 
formed statement is either true or false, but not both. (Though if there 
are free variables, the truth of a statement may depend on the values of 
these variables. More on this later.) Furthermore, the truth or falsity 
of a statement is intrinsic to the statement, and does not depend on the 
opinion of the person viewing the statement (as long as all the definitions 
and notations are agreed upon, of course). So to prove that a statement 
is true, it suffices to show that it is not false, while to show that a state- 
ment is false, it suffices to show that it is not true; this is the principle 
underlying the powerful technique of proof by contradiction, which we 
discuss later. This axiom is viable as long as one is working with pre- 
cise concepts, for which the truth or falsity can be determined (at least 
in principle) in an objective and consistent manner. However, if one is 
working in very non-mathematical situations, then this axiom becomes 
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much more dubious, and so it can be a mistake to apply mathematical 
logic to non-mathematical situations. (For instance, a statement such as 
“this rock weighs 52 pounds” is reasonably precise and objective, and so 
it is fairly safe to use mathematical reasoning to manipulate it, whereas 
vague statements such as “this rock is heavy”, “this piece of music is 
beautiful” or “God exists” are much more problematic. So while math- 
ematical logic is a very useful and powerful tool, it still does have some 
limitations of applicability.) One can still attempt to apply logic (or 
principles similar to logic) in these cases (for instance, by creating a 
mathematical model of a real-life phenomenon), but this is now science 
or philosophy, not mathematics, and we will not discuss it further here. 


Remark A.1.2. There are other models of logic which attempt to deal 
with statements that are not definitely true or definitely false, such as 
modal logic, intuitionist logic, or fuzzy logic, but these are well beyond 
the scope of this text. 


Being true is different from being useful or efficient. For instance, 
the statement 
2=2 


is true but unlikely to be very useful. The statement 
A <A 


is also true, but not very efficient (the statement 4 = 4 is more precise). 
It may also be that a statement may be false yet still be useful, for 
instance 

Ga 2277 


is false, but is still useful as a first approximation. In mathematical 
reasoning, we only concern ourselves with truth rather than usefulness 
or efficiency; the reason is that truth is objective (everybody can agree 
on it) and we can deduce true statements from precise rules, whereas 
usefulness and efficiency are to some extent matters of opinion, and do 
not follow precise rules. Also, even if some of the individual steps in 
an argument may not seem very useful or efficient, it is still possible 
(indeed, quite common) for the final conclusion to be quite non-trivial 
(i.e., not obviously true) and useful. 

Statements are different from expressions. Statements are true or 
false; expressions are a sequence of mathematical symbols which pro- 
duces some mathematical object (a number, matrix, function, set, etc.) 
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as its value. For instance 
2+3%*5 


is an expression, not a statement; it produces a number as its value. 
Meanwhile, 
24+3*5=17 


is a statement, not an expression. Thus it does not make any sense to 
ask whether 2+ 3 * 5 is true or false. As with statements, expressions 
can be well-defined or ill-defined; 2 + 3/0, for instance, is ill-defined. 
More subtle examples of ill-defined expressions arise when, for instance, 
attempting to add a vector to a matrix, or evaluating a function outside 
of its domain, e.g., sin~!(2). 

One can make statements out of expressions by using relations such 
as =, <, >, €, C, etc. or by using properties (such as “is prime”, “is 
continuous”, “is invertible”, etc.) For instance, “30 +5 is prime” is a 
statement, as is “30+ 5 < 42 —7”. Note that mathematical statements 
are allowed to contain English words. 

One can make a compound statement from more primitive statements 
by using logical connectives such as and, or, not, if-then, if-and-only-if, 
and so forth. We give some examples below, in decreasing order of 
intuitiveness. 


Conjunction. If X is a statement and Y is a statement, the statement 
“xX and Y” is true if X and Y are both true, and is false otherwise. 
For instance, “2+ 2 = 4 and 3+ 3 = 6” is true, while “2+ 2 = 4 and 
3+3=5” is not. Another example: “2 +2 = 4 and 2+ 2 = 4” is true, 
even if it is a bit redundant; logic is concerned with truth, not efficiency. 
Due to the expressiveness of the English language, one can reword 
the statement “X and Y” in many ways, e.g., “X and also Y”, or “Both 
X and Y are true”, etc. Interestingly, the statement “X, but Y” is 
logically the same statement as “X and Y”, but they have different 
connotations (both statements affirm that X and Y are both true, but 
the first version suggests that X and Y are in contrast to each other, 
while the second version suggests that X and Y support each other). 
Again, logic is about truth, not about connotations or suggestions. 


Disjunction. If X is a statement and Y is a statement, the statement 
“X or Y” is true if either X or Y is true, or both. For instance, “2-+-2 = 4 
or 3+3 = 5” is true, but “2+2=5 or3+3=5” is not. Also “2+2=4 
or 3+3 = 6” is true (even if it is a bit inefficient; it would be a stronger 
statement to say “2+ 2=4 and 3+3= 6”). Thus by default, the word 
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“or” in mathematical logic defaults to inclusive or. The reason we do 
this is that with inclusive or, to verify “X or Y”, it suffices to verify that 
just one of X or Y is true; we don’t need to show that the other one is 
false. So we know, for instance, that “2+2 = 4 or 2353+5931 = 7284” is 
true without having to look at the second equation. As in the previous 
discussion, the statement “2 + 2 = 4 or 2+ 2 = 4” is true, even if it is 
highly inefficient. 

If one really does want to use exclusive or, use a statement such as 
“Either X or Y is true, but not both” or “Exactly one of X or Y is 
true”. Exclusive or does come up in mathematics, but nowhere near as 
often as inclusive or. 


Negation. The statement “X is not true” or “X is false”, or “It is not 
the case that X”, is called the negation of X, and is true if and only if X 
is false, and is false if and only if X is true. For instance, the statement 
“It is not the case that 2+ 2 = 5” is a true statement. Of course we 
could abbreviate this statement to “2+ 24 5”. 

Negations convert “and” into “or”. For instance, the negation of 
“Jane Doe has black hair and Jane Doe has blue eyes” is “Jane Doe 
doesn’t have black hair or doesn’t have blue eyes”, not “Jane Doe doesn’t 
have black hair and doesn’t have blue eyes” (can you see why?). Simi- 
larly, if x is an integer, the negation of “ax is even and non-negative” is 
“x is odd or negative”, not “x is odd and negative”. (Note how it is im- 
portant here that or is inclusive rather than exclusive.) Or the negation 
of “ae > 2 andes, 6" (hes “2 < ao <6") 18 “<= org > 6" snot “ee 2 
and x > 6” or “2<a2>6.”. 

Similarly, negations convert “or” into “and”. The negation of “John 
Doe has brown hair or black hair” is “John Doe does not have brown hair 
and does not have black hair”, or equivalently “John Doe has neither 
brown nor black hair”. If x is a real number, the negation of “x > 1 or 
g< 1” is “e<landaz>-—l” (ie, -1 <2 <1). 

It is quite possible that a negation of a statement will produce a 
statement which could not possibly be true. For instance, if © is an 
integer, the negation of “zx is either even or odd” is “x is neither even 
nor odd”, which cannot possibly be true. Remember, though, that even 
if a statement is false, it is still a statement, and it is definitely possible 
to arrive at a true statement using an argument which at times involves 
false statements. (Proofs by contradiction, for instance, fall into this 
category. Another example is proof by dividing into cases. If one divides 
into three mutually exclusive cases, Case 1, Case 2, and Case 3, then 
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at any given time two of the cases will be false and only one will be 
true, however this does not necessarily mean that the proof as a whole 
is incorrect or that the conclusion is false.) 

Negations are sometimes unintuitive to work with, especially if there 
are multiple negations; a statement such as “It is not the case that either 
x is not odd, or x is not larger than or equal to 3, but not both” is not 
particularly pleasant to use. Fortunately, one rarely has to work with 
more than one or two negations at a time, since often negations cancel 
each other. For instance, the negation of “X is not true” is just “X 
is true”, or more succinctly just “X”. Of course one should be careful 
when negating more complicated expressions because of the switching 
of “and” and “or”, and similar issues. 


If and only if (iff). If X is a statement, and Y is a statement, we say 
that “X is true if and only if Y is true”, whenever X is true, Y has 
to be also, and whenever Y is true, X has to be also (ie., X and Y 
are “equally true”). Other ways of saying the same thing are “X and 
Y are logically equivalent statements”, or “X is true iff Y is true”, or 
“XxX © Y”. Thus for instance, if x is a real number, then the statement 
“ry = 3 if and only if 22 = 6” is true: this means that whenever x = 3 
is true, then 2% = 6 is true, and whenever 2x = 6 is true, then x = 3 is 
true. On the other hand, the statement “x = 3 if and only if x? = 9” 
is false; while it is true that whenever x = 3 is true, 2? = 9 is also 
true, it is not the case that whenever x? = 9 is true, that x = 3 is also 
automatically true (think of what happens when x = —3). 

Statements that are equally true, are also equally false: if X and 
Y are logically equivalent, and X is false, then Y has to be false also 
(because if Y were true, then X would also have to be true). Con- 
versely, any two statements which are equally false will also be logically 
equivalent. Thus for instance 2 + 2 = 5 if and only if 4+ 4= 10. 

Sometimes it is of interest to show that more than two statements 
are logically equivalent; for instance, one might want to assert that three 
statements X, Y, and Z are all logically equivalent. This means when- 
ever one of the statements is true, then all of the statements are true; 
and it also means that if one of the statements is false, then all of the 
statements are false. This may seem like a lot of logical implications 
to prove, but in practice, once one demonstrates enough logical impli- 
cations between X, Y, and Z, one can often conclude all the others 
and conclude that they are all logicallly equivalent. See for instance 
Exercises A.1.5, A.1.6. 
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— Exercises — 


Exercise A.1.1. What is the negation of the statement “either X is true, or Y 
is true, but not both”? 


Exercise A.1.2. What is the negation of the statement “X is true if and only 
if Y is true”? (There may be multiple ways to phrase this negation). 


Exercise A.1.3. Suppose that you have shown that whenever X is true, then Y 
is true, and whenever X is false, then Y is false. Have you now demonstrated 
that X and Y are logically equivalent? Explain. 


Exercise A.1.4. Suppose that you have shown that whenever X is true, then Y 
is true, and whenever Y is false, then X is false. Have you now demonstrated 
that X is true if and only if Y is true? Explain. 


Exercise A.1.5. Suppose you know that X is true if and only if Y is true, and 
you know that Y is true if and only if Z is true. Is this enough to show that 
X,Y,Z are all logically equivalent? Explain. 


Exercise A.1.6. Suppose you know that whenever X is true, then Y is true; 
that whenever Y is true, then Z is true; and whenever Z is true, then X is 
true. Is this enough to show that X,Y, Z are all logically equivalent? Explain. 


A.2 Implication 


Now we come to the least intuitive of the commonly used logical con- 
nectives - implication. If X is a statement, and Y is a statement, then 
“if X, then Y” is the implication from X to Y; it is also written “when 
X is true, Y is true”, or “X implies Y” or “Y is true when X is” or 
“X is true only if Y is true” (this last one takes a bit of mental effort to 
see). What this statement “if X, then Y” means depends on whether 
X is true or false. If X is true, then “if X, then Y” is true when Y is 
true, and false when Y is false. If however X is false, then “if X, then 
Y” is always true, regardless of whether Y is true or false! To put it 
another way, when X is true, the statement “if X, then Y” implies that 
Y is true. But when X is false, the statement “if X, then Y” offers no 
information about whether Y is true or not; the statement is true, but 
vacuous (i.e., does not convey any new information beyond the fact that 
the hypothesis is false). 


Examples A.2.1. If x is an integer, then the statement “If « = 2, then 
x? = 4” is true, regardless of whether x is actually equal to 2 or not 
(though this statement is only likely to be useful when x is equal to 2). 
This statement does not assert that x is equal to 2, and does not assert 
that x? is equal to 4, but it does assert that when and if x is equal to 2, 
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then x? is equal to 4. If x is not equal to 2, the statement is still true 
but offers no conclusion on x or x?. 

Some special cases of the above implication: the implication “If 2 = 
2, then 2? = 4” is true (true implies true). The implication “If 3 = 2, 
then 3? = 4” is true (false implies false). The implication “If —2 = 2, 
then (—2)? = 4” is true (false implies true). The latter two implications 
are considered vacuous - they do not offer any new information since 
their hypothesis is false. (Nevertheless, it is still possible to employ 
vacuous implications to good effect in a proof - a vacously true statement 
is still true. We shall see one such example shortly.) 


As we see, the falsity of the hypothesis does not destroy the truth 
of an implication, in fact it is just the opposite! (When a hypothesis is 
false, the implication is automatically true.) The only way to disprove 
an implication is to show that the hypothesis is true while the conclusion 
is false. Thus “If 2+ 2 = 4, then 4+ 4 = 2” is a false implication. (True 
does not imply false.) 

One can also think of the statement “if X, then Y” as “Y is at least 
as true as X” - if X is true, then Y also has to be true, but if X is 
false, Y could be as false as X, but it could also be true. This should 
be compared with “X if and only if Y”, which asserts that X and Y are 
equally true. 

Vacuously true implications are often used in ordinary speech, some- 
times without knowing that the implication is vacuous. A somewhat 
frivolous example is “If wishes were wings, then pigs would fly”. (The 
statement “hell freezes over” is also a popular choice for a false hypothe- 
sis.) A more serious one is “If John had left work at 5pm, then he would 
be here by now.” This kind of statement is often used in a situation in 
which the conclusion and hypothesis are both false; but the implication 
is still true regardless. This statement, by the way, can be used to il- 
lustrate the technique of proof by contradiction: if you believe that “If 
John had left work at 5pm, then he would be here by now”, and you 
also know that “John is not here by now”, then you can conclude that 
“John did not leave work at 5pm”, because John leaving work at 5pm 
would lead to a contradiction. Note how a vacuous implication can be 
used to derive a useful truth. 

To summarize, implications are sometimes vacuous, but this is not 
actually a problem in logic, since these implications are still true, and 
vacuous implications can still be useful in logical arguments. In particu- 
lar, one can safely use statements like “If X, then Y” without necessarily 
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having to worry about whether the hypothesis X is actually true or not 
(i.e., whether the implication is vacuous or not). 

Implications can also be true even when there is no causal link be- 
tween the hypothesis and conclusion. The statement “If 1+1 = 2, then 
Washington D.C. is the capital of the United States” is true (true im- 
plies true), although rather odd; the statement “If 2+ 2 = 3, then New 
York is the capital of the United States” is similarly true (false implies 
false). Of course, such a statement may be unstable (the capital of the 
United States may one day change, while 1+ 1 will always remain equal 
to 2) but it is true, at least for the moment. While it is possible to 
use acausal implications in a logical argument, it is not recommended 
as it can cause unneeded confusion. (Thus, for instance, while it is true 
that a false statement can be used to imply any other statement, true or 
false, doing so arbitrarily would probably not be helpful to the reader.) 

To prove an implication “If X, then Y”, the usual way to do this 
is to first assume that X is true, and use this (together with whatever 
other facts and hypotheses you have) to deduce Y. This is still a valid 
procedure even if X later turns out to be false; the implication does not 
guarantee anything about the truth of X, and only guarantees the truth 
of Y conditionally on X first being true. For instance, the following is 
a valid proof of a true proposition, even though both hypothesis and 
conclusion of the proposition are false: 


Proposition A.2.2. [f2+2=5, then 4= 10-4. 


Proof. Assume 2+2 = 5. Multiplying both sides by 2, we obtain 4+4 = 
10. Subtracting 4 from both sides, we obtain 4 = 10 — 4 as desired. 


On the other hand, a common error is to prove an implication by 
first assuming the conclusion and then arriving at the hypothesis. For 
instance, the following Proposition is correct, but the proof is not: 


Proposition A.2.3. Suppose that 2x+3=7. Show that x = 2. 


Proof. (Incorrect) « = 2; so 2x = 4; so 2x +3 = 7. 


When doing proofs, it is important that you are able to distinguish 
the hypothesis from the conclusion; there is a danger of getting hope- 
lessly confused if this distinction is not clear. 

Here is a short proof which uses implications which are possibly 
vacuous. 
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Theorem A.2.4. Suppose that n is an integer. Then n(n +1) is an 
even integer. 


Proof. Since n is an integer, n is even or odd. If n is even, then n(n-+ 1) 
is also even, since any multiple of an even number is even. If n is odd, 
then n + 1 is even, which again implies that n(n + 1) is even. Thus in 
either case n(n + 1) is even, and we are done. 


Note that this proof relied on two implications: “if n is even, then 
n(n + 1) is even”, and “if n is odd, then n(n + 1) is even”. Since n 
cannot be both odd and even, at least one of these implications has 
a false hypothesis and is therefore vacuous. Nevertheless, both these 
implications are true, and one needs both of them in order to prove the 
theorem, because we don’t know in advance whether n is even or odd. 
And even if we did, it might not be worth the trouble to check it. For 
instance, as a special case of this theorem we immediately know 


Corollary A.2.5. Let n = (2534142) *123— (423+ 198)34? +538 — 213. 
Then n(n +1) is an even integer. 


In this particular case, one can work out exactly which parity n is - 
even or odd - and then use only one of the two implications in the above 
Theorem, discarding the vacuous one. This may seem like it is more 
efficient, but it is a false economy, because one then has to determine 
what parity n is, and this requires a bit of effort - more effort than it 
would take if we had just left both implications, including the vacuous 
one, in the argument. So, somewhat paradoxically, the inclusion of vacu- 
ous, false, or otherwise “useless” statements in an argument can actually 
save you effort in the long run! (I’m not suggesting, of course, that you 
ought to pack your proofs with lots of time-wasting and irrelevant state- 
ments; all I’m saying here is that you need not be unduly concerned that 
some hypotheses in your argument might not be correct, as long as your 
argument is still structured to give the correct conclusion regardless of 
whether those hypotheses were true or false.) 

The statement “If X, then Y” is not the same as “If Y, then X”; 
for instance, while “If 2 = 2, then 2? = 4” is true, “If 2? = 4, then 
x = 2” can be false if x is equal to —2. These two statements are called 
converses of each other; thus the converse of a true implication is not 
necessarily another true implication. We use the statement “X if and 
only if Y” to denote the statement that “If X, then Y; and if Y, then 
X”. Thus for instance, we can say that « = 2 if and only if 2a = 4, 
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because if « = 2 then 2x = 4, while if 2x = 4 then x = 2. One way 
of thinking about an if-and-only-if statement is to view “X if and only 
if Y” as saying that X is just as true as Y; if one is true then so is 
the other, and if one is false, then so is the other. For instance, the 
statement “If 3 = 2, then 6 = 4” is true, since both hypothesis and 
conclusion are false. (Under this view, “If X, then Y” can be viewed as 
a statement that Y is at least as true as X.) Thus one could say “X 
and Y are equally true” instead of “X if and only if Y”. 

Similarly, the statement “If X is true, then Y is true” is not the 
same as “If X is false, then Y is false”. Saying that “if « = 2, then 
x? = 4” does not imply that “if « 4 2, then x? 4 4”, and indeed we 
have x = —2 as a counterexample in this case. If-then statements are 
not the same as if-and-only-if statements. (If we knew that “X is true 
if and only if Y is true”, then we would also know that “X is false if 
and only if Y is false”.) The statement “If X is false, then Y is false” is 
sometimes called the inverse of “If X is true, then Y is true”; thus the 
inverse of a true implication is not necessarily a true implication. 

If you know that “If X is true, then Y is true”, then it is also true 
that “If Y is false, then X is false” (because if Y is false, then X can’t be 
true, since that would imply Y is true, a contradiction). For instance, 
if we knew that “If x = 2, then x? = 4”, then we also know that “If 
x? #A, then x 4 2”. Or if we knew “If John had left work at 5pm, he 
would be here by now”, then we also know “If John isn’t here now, then 
he could not have left work at 5pm”. The statement “If Y is false, then 
X is false” is known as the contrapositive of “If X, then Y” and both 
statements are equally true. 

In particular, if you know that X implies something which is known 
to be false, then X itself must be false. This is the idea behind proof 
by contradiction or reductio ad absurdum: to show something must be 
false, assume first that it is true, and show that this implies something 
which you know to be false (e.g., that a statement is simultaneously true 
and not true). For instance: 


Proposition A.2.6. Suppose that x be a positive number such that 
sin(z) = 1. Then x > 7/2. 


Proof. Suppose for sake of contradiction that x < 7/2. Since x is 
positive, we thus have 0 < x < 7/2. Since sin(x) is increasing for 
0 < x < w/2, and sin(0) = O and sin(7/2) = 1, we thus have 
0 < sin(x) < 1. But this contradicts the hypothesis that sin(x) = 1. 
Hence x > 77/2. 
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Note that one feature of proof by contradiction is that at some point 
in the proof you assume a hypothesis (in this case, that « < 7/2) which 
later turns out to be false. Note however that this does not alter the 
fact that the argument remains valid, and that the conclusion is true; 
this is because the ultimate conclusion does not rely on that hypothesis 
being true (indeed, it relies instead on it being false!). 

Proof by contradiction is particularly useful for showing “negative” 
statements - that X is false, that a is not equal to b, that kind of thing. 
But the line between positive and negative statements is sort of blurry. 
(Is the statement x > 2 a positive or negative statement? What about 
its negation, that x < 2?) So this is not a hard and fast rule. 

Logicians often use special symbols to denote logical connectives; for 
instance “X implies Y” can be written “X = > Y”, “X is not true” can 
be written “~ X”, “IX”, or “AX”, “X and Y” can be written “X AY” 
or “X&Y”, and so forth. But for general-purpose mathematics, these 
symbols are not often used; English words are often more readable, and 
don’t take up much more space. Also, using these symbols tends to 
blur the line between expressions and statements; it’s not as easy to 
understand “((a = 3) A (y = 5)) => (a+y = 8)” as “If x = 3 and 
y = 5, then x+y = 8”. So in general I would not recommend using these 
symbols (except possibly for => , which is a very intuitive symbol). 


A.3 The structure of proofs 


To prove a statement, one often starts by assuming the hypothesis and 
working one’s way toward a conclusion; this is the direct approach to 
proving a statement. Such a proof might look something like the follow- 
ing: 


Proposition A.3.1. A implies B. 


Proof. Assume A is true. Since A is true, C is true. Since C is true, D 
is true. Since D is true, B is true, as desired. 


An example of such a direct approach is 
Proposition A.3.2. If xc =7, then sin(#/2) +1= 2. 


Proof. Let x = 7. Since x = a, we have x/2 = 7/2. Since 2/2 = 7/2, 
we have sin(z/2) = 1. Since sin(#/2) = 1, we have sin(#/2) +1 = 2. 
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In the above proof, we started at the hypothesis and moved steadily 
from there toward a conclusion. It is also possible to work backwards 
from the conclusion and seeing what it would take to imply it. For 
instance, a typical proof of Proposition A.3.1 of this sort might look like 
the following: 


Proof. To show B, it would suffice to show D. Since C' implies D, we 
just need to show C’. But C follows from A. 


As an example of this, we give another proof of Proposition A.3.2: 


Proof. To show sin(#/2)+1 = 2, it would suffice to show that sin(x/2) = 
1. Since 7/2 = 1/2 would imply sin(#/2) = 1, we just need to show that 
x/2= 7/2. But this follows since x = 7. 


Logically speaking, the above two proofs of Proposition A.3.2 are 
the same, just arranged differently. Note how this proof style is different 
from the (incorrect) approach of starting with the conclusion and seeing 
what it would imply (as in Proposition A.2.3); instead, we start with 
the conclusion and see what would imply it. 

Another example of a proof written in this backwards style is the 
following: 


Proposition A.3.3. Let 0 <r <1 be a real number. Then the series 
re nr” is convergent. 


Proof. To show this series is convergent, it suffices by the ratio test to 
show that the ratio 
rin +1) 


ren 


n+l 
=T 


n 


converges to something less than 1 as n — oo. Since r is already less 
than 1, it will be enough to show that ni} converges to 1. But since 
nth =1+ i, it suffices to show that 1 — 0. But this is clear since 


n> ©. 


One could also do any combination of moving forwards from the hy- 
pothesis and backwards from the conclusion. For instance, the following 
would be a valid proof of Proposition A.3.1: 


Proof. To show B, it would suffice to show D. So now let us show D. 
Since we have A by hypothesis, we have C’. Since C implies D, we thus 
have D as desired. 
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Again, from a logical point of view this is exactly the same proof 
as before. Thus there are many ways to write the same proof down; 
how you do so is up to you, but certain ways of writing proofs are more 
readable and natural than others, and different arrangements tend to 
emphasize different parts of the argument. (Of course, when you are 
just starting out doing mathematical proofs, you’re generally happy to 
get some proof of a result, and don’t care so much about getting the 
“best” arrangement of that proof; but the point here is that a proof can 
take many different forms.) 

The above proofs were pretty simple because there was just one 
hypothesis and one conclusion. When there are multiple hypotheses 
and conclusions, and the proof splits into cases, then proofs can get 
more complicated. For instance a proof might look as tortuous as this: 


Proposition A.3.4. Suppose that A and B are true. Then C and D 
are true. 


Proof. Since A is true, FE is true. From & and B we know that F is 
true. Also, in light of A, to show D it suffices to show G. There are now 
two cases: H and J. If H is true, then from F' and H we obtain C, and 
from A and H we obtain G. If instead I is true, then from J we have 
G, and from I and G we obtain C. Thus in both cases we obtain both 
C and G, and hence C and D. 


Incidentally, the above proof could be rearranged into a much tidier 
manner, but you at least get the idea of how complicated a proof could 
become. To show an implication there are several ways to proceed: you 
can work forward from the hypothesis; you can work backward from the 
conclusion; or you can divide into cases in the hope to split the problem 
into several easier sub-problems. Another is to argue by contradiction, 
for instance you can have an argument of the form 


Proposition A.3.5. Suppose that A is true. Then B is false. 


Proof. Suppose for sake of contradiction that B is true. This would 
imply that C is true. But since A is true, this implies that D is true; 
which contradicts C’. Thus B must be false. 


As you can see, there are several things to try when attempting a 
proof. With experience, it will become clearer which approaches are 
likely to work easily, which ones will probably work but require much 
effort, and which ones are probably going to fail. In many cases there is 
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really only one obvious way to proceed. Of course, there may definitely 
be multiple ways to approach a problem, so if you see more than one way 
to begin a problem, you can just try whichever one looks the easiest, but 
be prepared to switch to another approach if it begins to look hopeless. 

Also, it helps when doing a proof to keep track of which statements 
are known (either as hypotheses, or deduced from the hypotheses, or 
coming from other theorems and results), and which statements are 
desired (either the conclusion, or something which would imply the con- 
clusion, or some intermediate claim or lemma which will be useful in 
eventually obtaining the conclusion). Mixing the two up is almost al- 
ways a bad idea, and can lead to one getting hopelessly lost in a proof. 


A.4 Variables and quantifiers 


One can get quite far in logic just by starting with primitive statements 
(such as “2+ 2 = 4” or “John has black hair”), then forming compound 
statements using logical connectives, and then using various laws of logic 
to pass from one’s hypotheses to one’s conclusions; this is known as 
propositional logic or Boolean logic. (It is possible to list a dozen or so 
such laws of propositional logic, which are sufficient to do everything one 
wants to do, but I have deliberately chosen not to do so here, because 
you might then be tempted to memorize that list, and that is not how 
one should learn how to do logic, unless one happens to be a computer 
or some other non-thinking device. However, if you really are curious 
as to what the formal laws of logic are, look up “laws of propositional 
logic” or something similar in the library or on the internet.) 

However, to do mathematics, this level of logic is insufficient, because 
it does not incorporate the fundamental concept of variables - those 
familiar symbols such as x or n which denote various quantities which 
are unknown, or set to some value, or assumed to obey some property. 
Indeed we have already sneaked in some of these variables in order to 
illustrate some of the concepts in propositional logic (mainly because it 
gets boring after a while to talk endlessly about variable-free statements 
such as 2+ 2 =4 or “Jane has black hair”). Mathematical logic is thus 
the same as propositional logic but with the additional ingredient of 
variables added. 

A variable is a symbol, such as n or x, which denotes a certain type 
of mathematical object - an integer, a vector, a matrix, that kind of 
thing. In almost all circumstances, the type of object that the variable 


A.4. Variables and quantifiers 321 


represents should be declared, otherwise it will be difficult to make well- 
formed statements using it. (There are very few true statements that 
one can make about variables without knowing the type of variables 
involved. For instance, given a variable x of any type whatsoever, it is 
true that « = z, and if we also know that x = y, then we can conclude 
that y = x. But one cannot say, for instance, that x+y = y+, until 
we know what type of objects x and y are and whether they support the 
operation of addition; for instance, the above statement is ill-formed if 
x is a matrix and y is a vector. Thus if one actually wants to do some 
useful mathematics, then every variable should have an explicit type.) 

One can form expressions and statements involving variables, for 
instance, if x is a real variable (i.e., a variable which is a real number), 
x +3 is an expression, and x +3 = 5 is a statement. But now the truth 
of a statement may depend on the value of the variables involved; for 
instance the statement x + 3 = 5 is true if x is equal to 2, but is false if 
x is not equal to 2. Thus the truth of a statement involving a variable 
may depend on the context of the statement - in this case, it depends 
on what x is supposed to be. (This is a modification of the rule for 
propositional logic, in which all statements have a definite truth value.) 

Sometimes we do not set a variable to be anything (other than spec- 
ifying its type). Thus, we could consider the statement x +3 = 5 where 
x is an unspecified real number. In such a case we call this variable 
a free variable; thus we are considering x + 3 = 5 with «x a free vari- 
able. Statements with free variables might not have a definite truth 
value, as they depend on an unspecified variable. For instance, we have 
already remarked that x + 3 = 5 does not have a definite truth value 
if x is a free real variable, though of course for each given value of x 
the statement is either true or false. On the other hand, the statement 
(2 +1)? = a? + 22 + 1 is true for every real number 2, and so we can 
regard this as a true statement even when z is a free variable. 

At other times, we set a variable to equal a fixed value, by using 
a statement such as “Let « = 2” or “Set x equal to 2”. In this case, 
the variable is known as a bound variable, and statements involving only 
bound variables and no free variables do have a definite truth value. 
For instance, if we set « = 342, then the statement “x + 135 = 477” 
now has a definite truth value, whereas if x is a free real variable then 
“¢ + 135 = 477” could be either true or false, depending on what x 
is. Thus, as we have said before, the truth of a statement such as 
“x + 135 = 477” depends on the context - whether x is free or bound, 
and if it is bound, what it is bound to. 
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One can also turn a free variable into a bound variable by using the 
quantifiers “for all” or “for some”. For instance, the statement 


(2 +1)? =2742¢+1 


is a statement with one free variable x, and need not have a definite 
truth value, but the statement 


(a + 1)? = 2? + 22 + 1 for all real numbers 


is a statement with one bound variable x, and now has a definite truth 
value (in this case, the statement is true). Similarly, the statement 


r+3=5 


has one free variable, and does not have a definite truth value, but the 
statement 
x +3 =5 for some real number x 


is true, since it is true for « = 2. On the other hand, the statement 
x +3 = 5 for all real numbers x 


is false, because there are some (indeed, there are many) real numbers 
x for which x + 3 is not equal to 5. 


Universal quantifiers. Let P(x) be some statement depending on a 
free variable x. The statement “P(x) is true for all x of type T” means 
that given any x of type T, the statement P(x) is true regardless of 
what the exact value of x is. In other words, the statement is the same 
as saying “if x is of type T, then P(x) is true”. Thus the usual way to 
prove such a statement is to let x be a free variable of type T (by saying 
something like “Let « be any object of type T”), and then proving P(x) 
for that object. The statement becomes false if one can produce even a 
single counterexample, i.e., an element x which lies in JT but for which 
P(x) is false. For instance, the statement “2x? is greater than x for all 
positive x” can be shown to be false by producing a single example, such 
as x = 1 or x = 1/2, where 2? is not greater than 2. 

On the other hand, producing a single example where P(x) is true 
will not show that P(x) is true for all x. For instance, just because 
the equation x + 3 = 5 has a solution when x = 2 does not imply that 
x +3 = 5 for all real numbers z; it only shows that «+ 3 = 5 is true 
for some real number x. (This is the source of the often-quoted, though 
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somewhat inaccurate, slogan “One cannot prove a statement just by 
giving an example”. The more precise statement is that one cannot 
prove a “for all” statement by examples, though one can certainly prove 
“for some” statements this way, and one can also disprove “for all” 
statements by a single counterexample.) 

It occasionally happens that there are in fact no variables x of type T. 
In that case the statement “P(x) is true for all x of type T” is vacuously 
true - it is true but has no content, similar to a vacuous implication. 
For instance, the statement 


6<2¢ <4 foral3<ax<2 


is true, and easily proven, but is vacuous. (Such a vacuously true state- 
ment can still be useful in an argument, though this doesn’t happen very 
often.) 

One can use phrases such as “For every” or “For each” instead of 
“For all”, e.g., one can rephrase “(x + 1)? = a? + 22+ 1 for all real 
numbers «” as “For each real number 2, (2 +1)? is equal to z7+2r+1”. 
For the purposes of logic these rephrasings are equivalent. The symbol 
Y can be used instead of “For all”, thus for instance “Vz € X : P(x) is 
true” or “P(x) is true Vx € X” is synonymous with “P() is true for all 
xe xX”. 


Existential quantifiers. The statement “P(x) is true for some x of 
type T” means that there exists at least one x of type T for which P(x) 
is true, although it may be that there is more than one such x. (One 
would use a quantifier such as “for exactly one x” instead of “for some 
x” if one wanted both existence and uniqueness of such an x.) To prove 
such a statement it suffices to provide a single example of such an z. 
For instance, to show that 


x? + 2x7 — 8 = 0 for some real number x 


all one needs to do is find a single real number x for which x7+2x—8 = 0, 
for instance z = 2 will do. (One could also use x = —4, but one 
doesn’t need to use both.) Note that one has the freedom to select 
x to be anything one wants when proving a for-some statement; this 
is in contrast to proving a for-all statement, where one has to let x be 
arbitrary. (One can compare the two statements by thinking of two 
games between you and an opponent. In the first game, the opponent 
gets to pick what x is, and then you have to prove P(x); if you can 
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always win this game, then you have proven that P(x) is true for all x. 
In the second game, you get to choose what x is, and then you prove 
P(«); if you can win this game, you have proven that P() is true for 
some x.) 

Usually, saying something is true for all x is much stronger than 
just saying it is true for some x. There is one exception though, if 
the condition on x is impossible to satisfy, then the for-all statement is 
vacuously true, but the for-some statement is false. For instance 


6< 27 <4 foral3<a<2 


is true, but 
6 < 2a < 4 for some 3 < a4 < 2 


is false. 

One can use phrases such as “For at least one” or “There exists 
...such that” instead of “For some”. For instance, one can rephrase 
“7? 4 27 —8 = 0 for some real number x” as “There exists a real number 
x such that 2? + 2x — 8 = 0”. The symbol J can be used instead of 
“There exists ...such that”, thus for instance “da € X : P(x) is true” 
is synonymous with “P(x) is true for some x € X”. 


A.5 Nested quantifiers 


One can nest two or more quantifiers together. For instance, consider 
the statement 


For every positive number z, there exists a 


positive number y such that y? = x. 


What does this statement mean? It means that for each positive 
number z, the statement 


There exists a positive number y such that y? = x 


is true. In other words, one can find a positive square root of x for 
each positive number x. So the statement is saying that every positive 
number has a positive square root. 

To continue the gaming metaphor, suppose you play a game where 
your opponent first picks a positive number x, and then you pick a 
positive number y. You win the game if y? = x. If you can always win 
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the game regardless of what your opponent does, then you have proven 
that for every positive x, there exists a positive y such that y? = x. 

Negating a universal statement produces an existential statement. 
The negation of “All swans are white” is not “All swans are not white”, 
but rather “There is some swan which is not white”. Similarly, the 
negation of “For every 0 < x < 7/2, we have cos(x) > 0” is “For some 
0 <a < 7/2, we have cos(x) < 0, not “For every 0 < x < 7/2, we have 
cos(z) < 0”. 

Negating an existential statement produces a universal statement. 
The negation of “There exists a black swan” is not “There exists a swan 
which is non-black”, but rather “All swans are non-black”. Similarly, 
the negation of “There exists a real number x such that x? + 2 +1 = 0” 
is “For every real number x, x? + 2+1 40”, not “There exists a real 
number x such that x? +a2+1+40”. (The situation here is very similar 
to how “and” and “or” behave with respect to negations.) 

If you know that a statement P() is true for all x, then you can set 
x to be anything you want, and P(x) will be true for that value of 2; 
this is what “for all” means. Thus for instance if you know that 


(a +1)? = x? + 2x +1 for all real numbers z, 
then you can conclude for instance that 
(m4+1)? = 47 +427 +41, 
or for instance that 
(cos(y) + 1)? = cos(y)? + 2cos(y) + 1 for all real numbers y 


(because if y is real, then cos(y) is also real), and so forth. Thus universal 
statements are very versatile in their applicability - you can get P(x) to 
hold for whatever x you wish. Existential statements, by contrast, are 
more limited; if you know that 


x? + 2x — 8 = 0 for some real number x 


then you cannot simply substitute in any real number you wish, e.g., 7, 
and conclude that 7? + 27 — 8 = 0. However, you can of course still 
conclude that «? + 22 — 8 = 0 for some real number 2, it’s just that 
you don’t get to pick which zx it is. (To continue the gaming metaphor, 
you can make P(x) hold, but your opponent gets to pick x for you, you 
don’t get to choose for yourself.) 
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Remark A.5.1. In the history of logic, quantifiers were formally studied 
thousands of years before Boolean logic was. Indeed, Aristotlean logic, 
developed of course by Aristotle (384BC — 322BC) and his school, deals 
with objects, their properties, and quantifiers such as “for all” and “for 
some”. A typical line of reasoning (or syllogism) in Aristotlean logic 
goes like this: “All men are mortal. Socrates is a man. Hence, Socrates 
is mortal”. Aristotlean logic is a subset of mathematical logic, but is 
not as expressive because it lacks the concept of logical connectives such 
as and, or, or if-then (although “not” is allowed), and also lacks the 
concept of a binary relation such as = or <. 


Swapping the order of two quantifiers may or may not make a dif- 
ference to the truth of a statement. Swapping two “for all” quantifiers 
is harmless: a statement such as 


For all real numbers a, and for all real numbers 5, 
we have (a+b)? = a? + 2ab+ 0? 
is logically equivalent to the statement 
For all real numbers b, and for all real numbers a, 


we have (a+b)? = a? + 2ab+0? 


(why? The reason has nothing to do with whether the identity (a+b)? = 
a” + 2ab + b is actually true or not). Similarly, swapping two “there 
exists” quantifiers has no effect: 


There exists a real number a, and there exists a real number 0, 


such that a? + b? = 0 
is logically equivalent to 


There exists a real number 0, and there exists a real number a, 


such that a? + 6? = 0. 


However, swapping a “for all” with a “there exists” makes a lot of 
difference. Consider the following two statements: 


(a) For every integer n, there exists an integer m which is larger 
than n. 


(b) There exists an integer m such that m is larger than n for every 
integer n. 
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Statement (a) is obviously true: if your opponent hands you an in- 
teger n, you can always find an integer m which is larger than n. But 
Statement (b) is false: if you choose m first, then you cannot ensure 
that m is larger than every integer n; your opponent can easily pick a 
number n bigger than m to defeat that. The crucial difference between 
the two statements is that in Statement (a), the integer n was chosen 
first, and integer m could then be chosen in a manner depending on n; 
but in Statement (b), one was forced to choose m first, without knowing 
in advance what n is going to be. In short, the reason why the order of 
quantifiers is important is that the inner variables may possibly depend 
on the outer variables, but not vice versa. 


— Exercises — 


Exercise A.5.1. What does each of the following statements mean, and which 
of them are true? Can you find gaming metaphors for each of these statements? 


(a) For every positive number x, and every positive number y, we have y? = 
Bs 


(b) There exists a positive number x such that for every positive number y, 
we have y? = x. 


(c) There exists a positive number «, and there exists a positive number y, 
such that y? = x. 


(d) For every positive number y, there exists a positive number x such that 
y? =o. 

(e) There exists a positive number y such that for every positive number 2, 
we have y? = x. 


A.6 Some examples of proofs and quantifiers 


Here we give some simple examples of proofs involving the “for all” and 
“there exists” quantifiers. The results themselves are simple, but you 
should pay attention instead to how the quantifiers are arranged and 
how the proofs are structured. 


Proposition A.6.1. For every ¢ > 0 there exists a 6 > 0 such that 
26 < €. 


Proof. Let ¢ > 0 be arbitrary. We have to show that there exists a 6 > 0 
such that 26 < ¢. We only need to pick one such 6; choosing 6 := ¢/3 
will work, since one then has 26 = 2¢/3 < «. 
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Notice how ¢€ has to be arbitrary, because we are proving something 
for every €; on the other hand, 6 can be chosen as you wish, because you 
only need to show that there exists a 6 which does what you want. Note 
also that 6 can depend on ¢, because the 6-quantifier is nested inside 
the e-quantifier. If the quantifiers were reversed, i.e., if you were asked 
to prove “There exists a 6 > 0 such that for every « > 0, 26 < e€”, then 
you would have to select 6 first before being given ¢. In this case it is 
impossible to prove the statement, because it is false (why?). 

Normally, when one has to prove a “There exists...” statement, e.g., 
“Prove that there exists an ¢€ > 0 such that X is true”, one proceeds 
by selecting € carefully, and then showing that X is true for that e. 
However, this sometimes requires a lot of foresight, and it is legitimate 
to defer the selection of € until later in the argument, when it becomes 
clearer what properties € needs to satisfy. The only thing to watch out 
for is to make sure that ¢ does not depend on any of the bound variables 
nested inside X. For instance: 


Proposition A.6.2. There exists an ¢ > 0 such that sin(x) > «/2 for 
all0 <4 <e. 


Proof. We pick ¢ > 0 to be chosen later, and let 0 < « < «. Since the 
derivative of sin(a) is cos(a), we see from the mean-value theorem we 
have . : 

sin(z) — sin(x) — sin(0) 


- Ue Ow) 


for some 0 < y < x. Thus in order to ensure that sin(x) > 2/2, it 
would suffice to ensure that cos(y) > 1/2. To do this, it would suffice 
to ensure that 0 < y < 7/3 (since the cosine function takes the value 
of 1 at 0, takes the value of 1/2 at 7/3, and is decreasing in between). 
Since 0 < y <a and 0 <2 <e, we see that 0 < y < «. Thus if we pick 
€ := 1/3, then we have 0 < y < 7/3 as desired, and so we can ensure 
that sin(x) > «/2 for allO <a <e. 


Note that the value of ¢ that we picked at the end did not depend on 
the nested variables x and y. This makes the above argument legitimate. 
Indeed, we can rearrange it so that we don’t have to postpone anything: 


Proof. We choose ¢ := 77/3; clearly « > 0. Now we have to show that for 
all0 < x < 7/3, we have sin(x) > 2/2. So let 0 < x < 1/3 be arbitrary. 
By the mean-value theorem we have 

sin(z) — sin(x) — sin(0) 


eo aeage e 
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for some 0 < y < x. Since0 < y< x and 0 < xz < 7/3, we have 0 < 
y < 1/3. Thus cos(y) > cos(7/3) = 1/2, since cos is decreasing on the 
interval [0,7/3]. Thus we have sin(x)/x > 1/2 and hence sin(x) > 2/2 
as desired. 


If we had chosen ¢ to depend on x and y then the argument would 
not be valid, because « is the outer variable and x,y are nested inside 
it. 


A.7 Equality 


As mentioned before, one can create statements by starting with expres- 
sions (such as 2 x 3+ 5) and then asking whether an expression obeys 
a certain property, or whether two expressions are related by some sort 
of relation (=, <, €, etc.). There are many relations, but the most im- 
portant one is equality, and it is worth spending a little time reviewing 
this concept. 

Equality is a relation linking two objects z,y of the same type T 
(e.g., two integers, or two matrices, or two vectors, etc.). Given two 
such objects x and y, the statement + = y may or may not be true; it 
depends on the value of « and y and also on how equality is defined for 
the class of objects under consideration. For instance, as real numbers, 
the two numbers 0.9999... and 1 are equal. In modular arithmetic with 
modulus 10 (in which numbers are considered equal to their remainders 
modulo 10), the numbers 12 and 2 are considered equal, 12 = 2, even 
though this is not the case in ordinary arithmetic. 

How equality is defined depends on the class T of objects under 
consideration, and to some extent is just a matter of definition. However, 
for the purposes of logic we require that equality obeys the following four 
axioms of equality: 


e (Reflexive axiom). Given any object x, we have x = 2. 


e (Symmetry axiom). Given any two objects x and y of the same 
type, if x = y, then y= =z. 


e (Transitive axiom). Given any three objects x, y, z of the same 
type, if x = y and y = z, then x = z. 


e (Substitution axiom). Given any two objects x and y of the same 
type, if « = y, then f(a) = f(y) for all functions or operations f. 
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Similarly, for any property P(a) depending on a, if x = y, then 
P(«) and P(y) are equivalent statements. 


The first three axioms are clear, together, they assert that equality 
is an equivalence relation. To illustrate the substitution we give some 
examples. 


Example A.7.1. Let x and y be real numbers. If « = y, then 2% = 2y, 
and sin(z) = sin(y). Furthermore, x + z = y+ z for any real number z. 


Example A.7.2. Let n and m be integers. If n is odd and n = m, then 
m must also be odd. If we have a third integer k, and we know that 
n>k and n=™mM, then we also know that m > k. 


Example A.7.3. Let x, y, z be real numbers. If we know that x = sin(y) 
and y = 27, then (by the substitution axiom) we have sin(y) = sin(z?), 
and hence (by the transitive axiom) we have x = sin(z?). 


Thus, from the point of view of logic, we can define equality on a class 
of objects however we please, so long as it obeys the reflexive, symmetry, 
and transitive axioms, and is consistent with all other operations on the 
class of objects under discussion in the sense that the substitution axiom 
was true for all of those operations. For instance, if we decided one day 
to modify the integers so that 12 was now equal to 2, one could only do so 
if one also made sure that 2 was now equal to 12, and that f(2) = f(12) 
for any operation f on these modified integers. For instance, we now 
need 2+ 5 to be equal to 12+ 5. (In this case, pursuing this line of 
reasoning will eventually lead to modular arithmetic with modulus 10.) 


— Exercises — 


Exercise A.7.1. Suppose you have four real numbers a,b,c,d and you know 
that a = b and c=d. Use the above four axioms to deduce that a+d=b+c. 


Chapter B 


Appendix: the decimal system 


In Chapters 2, 4, 5 we painstakingly constructed the basic number sys- 
tems of mathematics: the natural numbers, integers, rationals, and re- 
als. Natural numbers were simply postulated to exist, and to obey five 
axioms; the integers then came via (formal) differences of the natural 
numbers; the rationals then came from (formal) quotients of the integers, 
and the reals then came from (formal) limits of the rationals. 

This is all very well and good, but it does seem somewhat alien to 
one’s prior experience with these numbers. In particular, very little use 
was made of the decimal system, in which the digits 0,1, 2,3, 4, 5,6, 7,8, 9 
are combined to represent these numbers. Indeed, except for a number 
of examples which were not essential to the main construction, the only 
decimals we really used were the numbers 0, 1, and 2, and the latter two 
can be rewritten as 0++4 and (0++)-+. 

The basic reason for this is that the decimal system itself is not 
essential to mathematics. It is very convenient for computations, and 
we have grown accustomed to it thanks to a thousand years of use, 
but in the history of mathematics it is actually a comparatively recent 
invention. Numbers have been around for about ten thousand years 
(starting from scratch marks on cave walls), but the modern Hindu- 
Arabic base 10 system for representing numbers only dates from the 11th 
century or so. Some early civilizations relied on other bases; for instance 
the Babylonians used a base 60 system (which still survives in our time 
system of hours, minutes, and seconds, and in our angular system of 
degrees, minutes, and seconds). And the ancient Greeks were able to do 
quite advanced mathematics, despite the fact that the most advanced 
number representation system available to them was the Roman numeral 
system J, II, III, IV,..., which was horrendous for computations of even 
two-digit numbers. And of course modern computing relies on binary, 
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hexadecimal, or byte-based (base 256) arithmetic instead of decimal, 
while analog computers such as the slide rule do not really rely on any 
number representation system at all. In fact, now that computers can do 
the menial work of number-crunching, there is very little use for decimals 
in modern mathematics. Indeed, we rarely use any numbers other than 
one-digit numbers or one-digit fractions (as well as e, 7, 7) explicitly in 
modern mathematical work; any more complicated numbers usually get 
called more generic names such as n. 

Nevertheless, the subject of decimals does deserve an appendix, be- 
cause it is so integral to the way we use mathematics in our everyday 
life, and also because we do want to use such notation as 3.14159... 
to refer to real numbers, as opposed to the far clunkier “LIMy +0 an, 
where a; = 3.1, a2 := 3.14, a3 := 3.141,...”. 

We begin by reviewing how the decimal system works for the positive 
integers, and then turn to the reals. Note that in this discussion we shall 
freely use all the results from earlier chapters. 


B.1 The decimal representation of natural numbers 


In this section we will avoid the usual convention of abbreviating a x b 
as ab, since this would mean that decimals such as 34 might be miscon- 
strued as 3 x 4. 


Definition B.1.1 (Digits). A digit is any one of the ten symbols 
0,1,2,3,...,9. We equate these digits with natural numbers by the 
formulae 0 = 0, 1 = 0+, 2 = 1+, etc. all the way up to 9 = 8+4. 
We also define the number ten by the formula ten := 944+. (We cannot 
use the decimal notation 10 to denote ten yet, because that presumes 
knowledge of the decimal system and would be circular.) 


Definition B.1.2 (Positive integer decimals). A positive integer decimal 
is any string andn_1...a9 of digits, where n > 0 is a natural number, 
and the first digit a, is non-zero. Thus, for instance, 3049 is a positive 
integer decimal, but 0493 or 0 is not. We equate each positive integer 
decimal with a positive integer by the formula 


n 
AnAn—1---d9 = y a; X ten’. 
i=0 


Remark B.1.3. Note in particular that this definition implies that 


10 =0 x ten® +1 x ten! = ten 
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and thus we can write ten as the more familiar 10. Also, a single digit 
integer decimal is exactly equal to that digit itself, e.g., the decimal 3 
by the above definition is equal to 


3=3x ten? =3 


so there is no possibility of confusion between a single digit, and a single 
digit decimal. (This is a subtle distinction, and not one which is worth 
losing much sleep over.) 


Now we show that this decimal system indeed represents the posi- 
tive integers. It is clear from the definition that every positive decimal 
representation gives a positive integer, since the sum consists entirely of 
natural numbers, and the last term a, ten” is non-zero by definition. 


Theorem B.1.4 (Uniqueness and existence of decimal representations). 
Every positive integer m is equal to exactly one positive integer decimal. 


Proof. We shall use the principle of strong induction (Proposition 2.2.14, 
with mo := 1). For any positive integer m, let P(m) denote the state- 
ment “m is equal to exactly one positive integer decimal”. Suppose we 
already know P(m/’) is true for all positive integers m’ < m; we now 
wish to prove P(m). 

First observe that either m > ten or m € {1,2,3,4,5,6,7,8, 9}. 
(This is easily proved by ordinary induction.) Suppose first that 
m € {1,2,3,4,5,6,7,8,9}. Then m clearly is equal to a positive integer 
decimal consisting of a single digit, and there is only one single-digit 
decimal which is equal to m. Furthermore, no decimal consisting of two 
or more digits can equal m, since if a,...aq is such a decimal (with 
n > 0) we have 


n 
An ...a9 = ) a; x ten’ > ay, x ten” > ten > m. 
i=0 


Now suppose that m > ten. Then by the Euclidean algorithm 
(Proposition 2.3.9) we can write 


m=s xX ten+r 
where s is a positive integer, and r € {0,1,2,3,4,5,6,7,8,9}. Since 


s<sxten<sxtentr=m™ 
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we can use the strong induction hypothesis and conclude that P(s) is 
true. In particular, s has a decimal representation 


Pp 
s = by...bo =Sob x ten’. 

i=0 

Multiplying by ten, we see that 
P . 
s X ten = Sob: x ten't! = bp... 600, 
i=0 
and then adding r we see that 
P . 
m=sxten+r= Sob; x ten’ th 4p = Ops.s DOr: 
i=0 

Thus m has at least one decimal representation. Now we need to show 


that m has at most one decimal representation. Suppose for sake of 
contradiction that we have at least two different representations 


ges te GG: 
First observe by the previous computation that 
An .-.49 = (An...a1) X ten+aq 


and 
/ 
mn! 


/ 
mie: 


Qi ...dy = (aly...a,) x ten tap 


and so after some algebra we obtain 
ay — a9 = (Qn... @1 — a) ...a4) X ten. 


The right-hand side is a multiple of ten, while the left-hand side lies 
strictly between — ten and +ten. Thus both sides must be equal to 0. 
This means that ag = ag and a,...a; = a),...a. But by previous 
arguments, we know that a,...a, is a smaller integer than ay... ag. 
Thus by the strong induction hypothesis, the number a, ...ag9 has only 
one decimal representation, which means that n’ must equal n and a’ 
must equal a; for all i = 1,...,n. Thus the decimals a,...a9 and 
a’,...@ are in fact identical, contradicting the assumption that they 
were different. 


We refer to the decimal given by the above theorem as the decimal 
representation of m. Once one has this decimal representation, one can 
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then derive the usual laws of long addition and long multiplication to 
connect the decimal representation of « + y or x x y to that of x or y 
(Exercise B.1.1). 

Once one has decimal representation of positive integers, one can of 
course represent negative integers decimally as well by using the — sign. 
Finally, we let 0 be a decimal as well. This gives decimal representations 
of all integers. Every rational is then the ratio of two decimals, e.g., 
335/113 or —1/2 (with the denominator required to be non-zero, of 
course), though there may be more than one way to represent a rational 
as such a ratio, e.g., 6/4 = 3/2. 

Since ten = 10, we will now use 10 instead of ten throughout, as is 
customary. 


— Exercises — 


Exercise B.1.1. The purpose of this exercise is to demonstrate that the proce- 
dure of long addition taught to you in elementary school is actually valid. Let 
A=a,,..-.a9 and B = b,,...b9 be positive integer decimals. Let us adopt the 
convention that a; = 0 when 2 > n, and b; = 0 when i > m; for instance, if 
A = 372, then ap = 2, a, = 7, ag = 3, ag = 0, a4 = 0, and so forth. Define 
the numbers co, c),... and €9,€1,... recursively by the following long addition 
algorithm. 


e We set eo := 0. 


e Now suppose that ¢; has already been defined for some i > 0. If a; + 
bj +e; < 10, we set c := a, +b; + &; and ej41 := 0; otherwise, if 
ay +b; +6; > 10, we set cj = Qj +5; +E, 10 and ey is Li, (The number 
€;41 is the “carry digit” from the i“” decimal place to the (i+1)'” decimal 


place.) 


Prove that the numbers co, c1,... are all digits, and that there exists an | 
such that c; 4 0 and c; = 0 for all i > 1. Then show that cjcj_1...c1¢p is the 
decimal representation of A+ B. 

Note that one could in fact use this algorithm to define addition, but it 
would look extremely complicated, and to prove even such simple facts as 
(a+b) +c =a-+(b+c) would be rather difficult. This is one of the reasons 
why we have avoided the decimal system in our construction of the natural 
numbers. The procedure for long multiplication (or long subtraction, or long 
division) is even worse to lay out rigorously; we will not do so here. 


B.2 The decimal representation of real numbers 


We need a new symbol: the decimal point “.”. 
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Definition B.2.1 (Real decimals). A real decimal is any sequence of 
digits, and a decimal point, arranged as 


TaAn...a9g.a_1]QA_2... 


which is finite to the left of the decimal point (so n is a natural number), 
but infinite to the right of the decimal point, where + is either + or —, 
and a, ...@o is a natural number decimal (i.e., either a positive integer 
decimal, or 0). This decimal is equated to the real number 


n 
Edn...a9.ad_1a_-2...= +1 x ) ay xX 10°. 


1=—00 


The series is always convergent (Exercise B.2.1). Next, we show that 
every real number has at least one decimal representation: 


Theorem B.2.2 (Existence of decimal representations). Every real 
number x has at least one decimal representation 


b= May + +80 -O-1G 3 osu 


Proof. We first note that x = 0 has the decimal representation 0.000.... 
Also, once we find a decimal representation for x, we automatically get 
a decimal representation for —x by changing the sign +. Thus it suffices 
to prove the theorem for positive real numbers x (by Proposition 5.4.4). 

Let n > 0 be any natural number. From the Archimedean property 
(Corollary 5.4.13) we know that there is a natural number MW such that 
M x10-" > x. Since 0 x 107” < x, we thus see that there must exist a 
natural number s,, such that sy x 107” < x and sn++ x 107" > «. (If no 
such natural number existed, one could use induction to conclude that 
sx 107" < x for all natural numbers s, contradicting the Archimedean 
property.) 

Now consider the sequence S09, 1, 62,.... Since we have 


6 O10 OS a (Bye Les 
we thus have 
(10 x Sn) x 10°) < & < (10 x 8, +10) x 10°"), 
On the other hand, we have 


ee x10) < ec(eayt) x 10 
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and hence we have 
10 X Sn < Sn41 +1 and sy41 < 10 x s, + 10. 
From these two inequalities we see that we have 
10 X Sp) < Sn41 < 10 X 5,49 
and hence we can find a digit a,41 such that 
S8n41 = 10 X Sn + Gn41 
and hence 
Spee ly TU See xe 10 aa R10 

From this identity and induction, we can obtain the formula 

n 

Sn X 10°" = so + So ai x 107°. 
i=0 


Now we take limits of both sides (using Exercise B.2.1) to obtain 
(oe) 
: —n _ ; 4 
Jim, $n x 10 ue 10°. 
1= 


On the other hand, we have 
x—-10°"°<s,x10"<-2z 
for all n, so by the squeeze test (Corollary 6.4.14) we have 
lim s, xX 10°" =z. 
n—+00 


Thus we have 
CO 


r= sot) ai 10-7. 

i=0 
Since sg already has a positive integer decimal representation by Theo- 
rem B.1.4, we thus see that x has a decimal representation as desired. 


There is however one slight flaw with the decimal system: it is pos- 
sible for one real number to have two decimal representations. 
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Proposition B.2.3 (Failure of uniqueness of decimal representations). 
The number 1 has two different decimal representations: 1.000... and 
0.999.... 


Proof. The representation 1 = 1.000... is clear. Now let’s compute 
0.999.... By definition, this is the limit of the Cauchy sequence 


0.9, 0.99, 0.999, 0.9999,.... 


But this sequence has 1 as a formal limit by Proposition 5.2.8. 


It turns out that these are the only two decimal representations of 1 
(Exercise B.2.2). In fact, as it turns out, all real numbers have either one 
or two decimal representations - two if the real is a terminating decimal, 
and one otherwise (Exercise B.2.3). 


— Exercises — 
Exercise B.2.1. If an ...a9.a_ja_2... is a real decimal, show that the series 
4, Gi X 10’ is absolutely convergent. 


Exercise B.2.2. Show that the only decimal representations 


1=+tay,...d9.a_1a_2... 


of 1 are 1 = 1.000... and 1 = 0.999... 


Exercise B.2.3. A real number z is said to be a terminating decimal if we have 
x = n/10~™ for some integers n,m. Show that if x is a terminating decimal, 
then x has exactly two decimal representations, while if x is not at terminating 
decimal, then x has exactly one decimal representation. 


Exercise B.2.4. Rewrite the proof of Corollary 8.3.4 using the decimal system. 


Index 


++ (increment), 16, 49 
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rationals, 87 
reals, 126 
sequences, 101, 128 
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a priori, 18 
absolute convergence 
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for reals, 112 
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abstraction, 21-22 
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long, 335 
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of functions, 219 
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of rationals, 81 
of reals, 104 
adherent point 
infinite, 249 
of sequences: see limit 
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of sets, 213 
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analysis, 1 
and: see conjunction 
antiderivative, 298 
Archimedian property, 115 
Aristotlean logic, 326 
associativity 
of addition in N, 26 
of composition, 52, 53 
of multiplication in N, 30 
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asymptotic discontinuity, 234 
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of foundation: see Axiom 
of regularity 

of induction: see principle 
of mathematical 
induction 

of infinity, 44 

of natural numbers: see 
Peano axioms 

of pairwise union, 37 

of power set, 58 

of reflexivity, 329 

of regularity, 47 

of replacement, 43 

of separation, 40 


of set theory, 34, 36-37, 40, 


43-44, 48, 58 

of singleton sets and pair 
sets, 36 

of specification, 40 

of substitution, 50, 329 

of symmetry, 329 

of the empty set, 36 

of transitivity, 329 

of union, 59 

of universal specification, 
46 


bijection, 54 
binomial formula, 164 
Bolzano-Weierstrass theorem, 
151 
Boolean algebra, 42 
Boolean logic, 320 
bound variable, 156, 321, 328 
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from above and below, 235 
function, 234 
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sequence, 99, 130 
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107, 111 
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cancellation law 
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of multiplication in N, 31 
of multiplication in R, 110 
of multiplication in Z, 80 
Cantor’s theorem, 195 
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arithmetic of, 71 
of finite sets, 70 
uniqueness of, 70 
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infinite, 199, 200 
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Cauchy sequence, 97, 127 
chain rule, 256 
chain: see totally ordered set 
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302-312 
choice 
arbitrary, 200 
countable, 200 
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single, 36 
closed 
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closure, 213 
cluster point: see limit point 
common refinement, 271 
commutativity 
of addition in N, 26 
of multiplication in N, 30 
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for finite series, 157 
for infinite series, 170 
for sequences, 145 
completeness 
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of the reals, 146 
composition of functions, 52 
conjunction (and), 309 
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constant 

function, 51, 272 

sequence, 148 
continuity, 227 

and convergence, 222 
continuum, 211 

hypothesis, 197 
contrapositive, 316 
convergence 

of a function at a point, 221 

of sequences, 128 

of series, 165 
converse, 315 
corollary, 25 
countability, 181 

of the integers, 185 

of the rationals, 187 


de Morgan laws, 43 
decimal 
negative integer, 335 
non-uniqueness of 
representation, 338 
point, 335 
positive integer, 335 
real, 336 
denumerable: see countable 
derivative, 251 
difference rule, 255 
difference set, 42 
differentiability 
at a point, 251 
digit, 332 
direct sum 
of functions, 63 
discontinuity: see singularity 
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disjoint sets, 42 
disjunction (or), 309 
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in Q, 87 
in R, 126 
distributive law 
for natural numbers, 30 
see also: laws of algebra 
divergence 
of sequences, 4 
of series, 3, 165 
see also: convergence 
divisibility, 207 
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by zero, 3 
formal (//), 82 
of functions, 219 
of rationals, 85 
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dominated convergence: see 
Lebesgue dominated 
convergence theorem 
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variable 


empty 
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function, 52 
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series, 160 
set, 36 
equality, 329 
for functions, 51 
for sets, 35 
of cardinality, 68 
equivalence 
of sequences, 101, 245 
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Euclidean algorithm, 31 
exponentiation 
of cardinals, 71 
with base and exponent in 
N, 32 
with base in Q and 
exponent in Z, 89, 90 
with base in R and 
exponent in Z, 122 
with base in Rt and 
exponent in Q, 124 
with base in R* and 
exponent in R, 154 
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extended real number system 
R*, 119, 133 
extremum: see maximum, 
minimum 


factorial, 164 
family, 60 
field, 84 
ordered, 86 
finite set, 70 
fixed point theorem, 241 
forward image: see image 
free variable, 321 
Fubini’s theorem 
for finite series, 163 
for infinite series, 188 
see also: interchanging 
integrals/sums with 
integrals/sums 
function, 49 
implicit definition, 50 
fundamental theorems of 
calculus, 296, 298 


geometric series, 165, 171 
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formula, 171, 174 
graph, 51, 66, 219 
greatest lower bound: see least 
upper bound 


half-infinite, 212 
half-open, 212 
harmonic series, 173 
Hausdorff maximality principle, 
209 
Heine-Borel theorem 
for the real line, 216 


identity map (or operator), 56 
if: see implication 
iff (if and only if), 27 
ill-defined, 306, 309 
image 
inverse image, 56 
of sets, 56 
implication (if), 312 
improper integral, 278 
inclusion map, 56 
inconsistent, 198, 199 
index of summation: see 
dummy variable 
index set, 60 
induction: see Principle of 
mathematical 
induction 
infimum: see supremum 
infinite 
interval, 212 
set, 70 
injection: see one-to-one 
function 
integer part, 91, 116 
integers Z 
definition, 74 
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identification with 
rationals, 83 
interspersing with 
rationals, 91 
integral test, 290 
integration 
by parts, 300-302 
laws, 275, 280 
piecewise constant, 273, 274 
Riemann: see Riemann 
integral 
interchanging 
derivatives with derivatives, 
9 
finite sums with finite 
sums, 162, 163 
integrals with integrals, 1 
limits with derivatives, 8 
limits with integrals, 8 
limits with length, 11 
limits with limits, 7, 8 
sums with sums, 5, 188 
intermediate value theorem, 238 
intersection 
pairwise, 41 
interval, 212 
inverse 
function theorem, 262 
image, 56 
in logic, 316 
of functions, 55 
irrationality, 95 
of 2, 91, 120 
isolated point, 215 


jump discontinuity, 233 
ha ce cecil Ey Ss Be 


see also: supremum as 
norm 
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L’Hopital’s rule, 10, 264 
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laws of algebra 
for integers, 78 
for rationals, 84 
for reals, 106 
laws of exponentiation, 89, 90, 
122, 125 
least upper bound, 117 
least upper bound 
property, 117, 137 
see also: supremum 
Leibniz rule, 255 
lemma, 25 
length of interval, 269 
limit 
at infinity, 250 
formal (LIM), 103, 130 
laws, 131, 223 
left and right, 231 
limiting values of functions, 
4, 220 
of sequences, 129 
uniqueness of, 128, 223 
limit inferior, see limit superior 
limit point 
of sequences, 139 
of sets, 215 
limit superior, 141 
linearity 
of finite series, 161 
of infinite series, 168 
of integration, 274, 280 
of limits, 131 
Lipschitz constant, 260 
Lipschitz continuous, 260 
logical connective, 309 
lower bound: see upper bound 


majorize, 276 
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maximum, 203, 258 

local, 258 

of functions, 219, 236 

principle, 236 
mean value theorem, 259 
meta-proof, 122 
metric 

see also: distance 
minimum, 203, 258 

local, 258 

of a set of natural numbers, 

183 

of functions, 219, 236 
minorize: see majorize 
monotone (increasing or 

decreasing) 

function, 241, 294 

sequence, 138 
morphism: see function 
multiplication 

of cardinals, 71 

of functions, 220 

of integers, 76 

of natural numbers, 29 

of rationals, 82 

of reals, 105 


Natural numbers N 
are infinite, 70 
axioms: see Peano axioms 
identification with integers, 
77 
in set theory: see Axiom of 
infinity 
informal definition, 15 
uniqueness of, 67 
negation 
in logic, 310 
of extended reals, 134 
of integers, 77 
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of rationals, 82 

of reals, 106 
negative: see negation, positive 
Newton’s approximation, 253 
non-constructive, 200 


objects, 34 
primitive, 47 
one-to-one correspondence: see 
bijection 
one-to-one function, 54 
onto, 54 
open 
interval, 212 
or: see disjunction 
order ideal, 207 
ordered n-tuple, 62 
ordered pair, 62 
construction of, 65 
ordering 
lexicographical, 208 
of cardinals, 198 
of orderings, 209 
of partitions, 270 
of sets, 203 
of the extended reals, 134 
of the integers, 80 
of the natural numbers, 27 
of the rationals, 85 
of the reals, 112 
oscillatory discontinuity, 234 


pair set, 36 

partial function, 61 

partial sum, 165 

partially ordered set, 40, 202 
partition, 269 

Peano axioms, 16-19, 21 
perfect matching: see bijection 
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pigeonhole principle, 73 
polynomial, 231 
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rational, 85 
real, 112 
power set, 58 
principle of infinite descent, 93 
principle of mathematical 
induction, 19 
backwards induction, 29 
strong induction, 28, 204 
transfinite, 207 
product rule, see Leibniz rule 
proof 
abstract examples, 
317-320, 327-328 
by contradiction, 307, 316 
proper subset, 39 
property, 309 
proposition, 25 
propositional logic, 320 


quantifier, 322 
existential (for some), 323 
negation of, 325 
nested, 324 
universal (for all), 322 
Quotient rule, 255 
Quotient: see division 


range, 49 

ratio test, 180 

rational numbers Q 
definition, 82 
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identification with reals, 
106 
interspersing with 
rationals, 91 
interspersing with reals, 
115 
real numbers R 
definition, 103 
rearrangement 
of absolutely convergent 
series, 175 
of divergent series, 176, 193 
of finite series, 160 
of non-negative series, 174 
reciprocal 
of rationals, 84 
of reals, 109 
recursive definitions, 23, 67 
reductio ad absurdum: see 
proof by contradiction 
removable discontinuity: see 
removable singularity 
removable singularity, 225, 233 
restriction of functions, 218 
Riemann hypothesis, 173 
Riemann integrability, 277 
closure properties, 280-285 
failure of, 291 
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functions, 287 
of continuous functions on 
compacta, 287 
of monotone functions, 289 
of piecewise continuous 
bounded functions, 288 
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functions, 285 
Riemann integral, 277 
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Riemann zeta function, 173 
Riemann-Stieltjes integral, 294 
ring, 78 
commutative, 78 
Rolle’s theorem, 259 
root, 122 
test, 178 
Russell’s paradox, 46 


scalar multiplication 
of functions, 220 
Schréder-Bernstein theorem, 
198 
sequence, 96 
finite, 64 
series 
finite, 155, 157 
formal infinite, 164 
laws, 168, 192 
on arbitrary sets, 192 
on countable sets, 188 
vs. sum, 156 
set 
axioms: see axioms of set 
theory 
informal definition, 34 
signum function, 225 
singleton set, 36 
singularity, 234 
square root, 50 
Squeeze test 
for sequences, 145 
statement, 306 
strict upper bound, 204 
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subset, 39 
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formal (——), 76 
of functions, 220 
of integers, 80 
sum rule, 255 
supremum (and infimum) 
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136, 137 
of a set of reals, 119, 121 
of sequences of reals, 137 
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function 
telescoping series, 169 
ten, 332 
theorem, 25 
totally ordered set, 40, 203 
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triangle inequality 
for finite series, 157, 161 
in R, 87 
trichotomy of order 
for integers, 81 
for natural numbers, 27 
for rationals, 85 
for reals, 112 
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uncountability, 181 

of the reals, 196 
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well-defined, 306 


347 


well-ordered sets, 204 


Zermelo-Fraenkel(-Choice) 
axioms, 61 
see also: axioms of set 
theory 
zero test 
for sequences, 145 
for series, 166 
Zorn’s lemma, 206 


Texts and Readings in Mathematics 


. R.B. Bapat: Linear Algebra and Linear Models (Third Edition) 

. Rajendra Bhatia: Fourier Series (Second Edition) 

. C. Musili: Representations of Finite Groups 

. H. Helson: Linear Algebra (Second Edition) 

. D. Sarason: Complex Function Theory (Second Edition) 

. M. G. Nadkarni: Basic Ergodic Theory (Third Edition) 

. H. Helson: Harmonic Analysis (Second Edition) 

. K. Chandrasekharan: A Course on Integration Theory 

. K. Chandrasekharan: A Course on Topological Groups 

0. R. Bhatia (ed.): Analysis, Geometry and Probability 

1.K.R. Davidson: C* — Algebras by Example (Reprint) 

2. M. Bhattacharjee et al.: Notes on Infinite Permutation Groups 

13. V. S. Sunder: Functional Analysis — Spectral Theory 

14. V. S. Varadarajan: Algebra in Ancient and Modern Times 

15. M. G. Nadkarni: Spectral Theory of Dynamical Systems 

16. A. Borel: Semisimple Groups and Riemannian Symmetric Spaces 

17. M. Marcolli: Seiberg — Witten Gauge Theory 

18. A. Bottcher and S. M. Grudsky: Toeplitz Matrices, Asymptotic 
Linear Algebra and Functional Analysis 

19. A. R. Rao and P. Bhimasankaram: Linear Algebra (Second Edition) 

20. C. Musili: Algebraic Geometry for Beginners 

21. A. R. Rajwade: Convex Polyhedra with Regularity Conditions 
and Hilbert's Third Problem 

22.S.Kumaresan: A Course in Differential Geometry and Lie Groups 

23. Stef Tijs: Introduction to Game Theory 

24.B. Sury: The Congruence Subgroup Problem 

25. R. Bhatia (ed.): Connected at Infinity 

26. K. Mukherjea: Differential Calculus in Normed Linear Spaces 
(Second Edition) 

27. Satya Deo: Algebraic Topology: A Primer (Corrected Reprint) 

28. S. Kesavan: Nonlinear Functional Analysis: A First Course 

29. S. Szabé: Topics in Factorization of Abelian Groups 

30. S. Kumaresan and G. Santhanam: An Expedition to Geometry 

31.D. Mumford: Lectures on Curves on an Algebraic Surface (Reprint) 

32. J. W. Milnor and J. D. Stasheff: Characteristic Classes (Reprint) 

33. K. R. Parthasarathy: Introduction to Probability and Measure 
(Corrected Reprint) 

34. Amiya Mukherjee: Topics in Differential Topology 

35. K. R. Parthasarathy: Mathematical Foundations of Quantum 
Mechanics 

36. K. B. Athreya and S. N. Lahiri: Measure Theory 

37. Terence Tao: Analysis | (Third Edition) 

38. Terence Tao: Analysis II (Second Edition) 


-—- $$ += OONOAARWND — 


© Springer Science+Business Media Singapore 2016 and Hindustan Book Agency 2015 349 
T. Tao, Analysis I, Texts and Readings in Mathematics 37, 
DOI 10.1007/978-981-10-1789-6 


350 Texts and Readings in Mathematics 


39. W. Decker and C. Lossen: Computing in Algebraic Geometry 

40. A. Goswami and B. V. Rao: A Course in Applied Stochastic 
Processes 

41. K. B. Athreya and S. N. Lahiri: Probability Theory 

42. A. R. Rajwade and A. K. Bhandari: Surprises and Counterexamples 
in Real Function Theory 

43. G. H. Golub and C. F. Van Loan: Matrix Computations (Reprint of the 
Third Edition) 

44. Rajendra Bhatia: Positive Definite Matrices 

45. K. R. Parthasarathy: Coding Theorems of Classical and Quantum 
Information Theory 

46. C. S. Seshadri: Introduction to the Theory of Standard Monomials 
(Second Edition) 

47. Alain Connes and Matilde Marcolli: Noncommutative Geometry, 
Quantum Fields and Motives 

48. Vivek S. Borkar: Stochastic Approximation: A Dynamical Systems 
Viewpoint 

49. B. J. Venkatachala: Inequalities: An Approach Through Problems 

50. Rajendra Bhatia: Notes on Functional Analysis 

51. A. Clebsch (ed.): Jacobi's Lectures on Dynamics 
(Second Revised Edition) 

52. S. Kesavan: Functional Analysis 

53. V. Lakshmibai and Justin Brown: Flag Varieties: An Interplay of 
Geometry, Combinatorics, and Representation Theory 

54. S. Ramasubramanian: Lectures on Insurance Models 

55. Sebastian M. Cioaba and M. Ram Murty: A First Course in Graph Theory and 
Combinatorics 

56. Bamdad R. Yahaghi: Iranian Mathematics Competitions, 1973-2007 

57. Aloke Dey: Incomplete Block Designs 

58 R.B. Bapat: Graphs and Matrices 

59. Hermann Weyl: Algebraic Theory of Numbers (Reprint) 

60. Carl Ludwig Siegel: Transcendental Numbers (Reprint) 

61. Steven J. Miller and Ramin Takloo-Bighash: An Invitation to Number Theory 
(Reprint) 

62. John Milnor: Dynamics in One Complex Variable (Reprint) 

63. R. P. Pakshirajan: Probability Theory: A Foundational Course 

64. Sharad S. Sane: Combinatorial Techniques 

65. Hermann Weyl: The Classical Groups: Their Invariants and Representations 
(Reprint) 

66. John Milnor: Morse Theory (Reprint) 

67. R. Bhatia (ed.): Connected at Infinity II 

68. Donald Passman: A Course in Ring Theory 

69. Amiya Mukherjee: Atiyah-Singer Index Theorem: An Introduction 

70. Fumio Hiai and Dénes Petz: Introduction to Matrix Analysis and Applications 


